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ABSTRACT 
 
In Vivo Analysis of the Role of FtsZ1 and FtsZ2 Proteins in Chloroplast Division in 
Arabidopsis thaliana. (May 2012) 
Carol Beatrice Johnson, B.S., Texas Southern University; M.A., Sam Houston State 
University 
Chair of Advisory Committee: Dr. Andreas Holzenburg 
 
     Chloroplasts divide by a constrictive fission process that is regulated by FtsZ 
proteins.  Given the importance of photosynthesis and chloroplasts in general, it is 
important to understand the mechanisms and molecular biology of chloroplast division.  
An FtsZ gene is known to be of prokaryotic origin and to have been transferred from a 
symbiont’s genome to host genome via lateral transfer.  Subsequent duplication of the 
initial FtsZ gene gave rise to the FtsZ1 and FtsZ2 genes and protein families in 
eukaryotes.  These proteins co-localize mid-chloroplast to form the Z-ring.  Z-ring 
assembly initiates chloroplast division, and it serves as a scaffold for other chloroplast 
division proteins.  Little is known, however, about the FtsZ protein subunit turnover 
within the Z-ring, the effects of accessory proteins on Z-ring turnover assemblies, as 
well as the in vivo ultrastructure of the Z-ring in plants.  To investigate the Arabidopsis 
thaliana FtsZ subunit turnover rate within the Z-ring, a section of the Z-ring in the 
chloroplasts of living plants expressing fluorescently tagged FtsZ1 or FtsZ2 proteins was 
photobleached and the recovery rate was monitored.  The results show that the 
 iv 
fluorescence recovery half times for the FtsZ1 and FtsZ2 proteins are 117s and 325s, 
respectively.  This is significant as these data mirror their differences in GTP hydrolysis 
rates. 
     To elucidate in vivo structure and ultrastructure of the Z-ring, a protocol was 
established that maintained fluorescence during high pressure freezing, freeze 
substitution and low temperature embedding.  Afterwards, a correlative microscopy 
approach was employed to visualize and identify fluorescently labeled puncta, circular 
structures, at the light microscopy level.  These puncta were further resolved as mini-
rings using optical microscopy eXperimental (OMX) superresolution microscopy. 
Electron microscopy (EM) analysis imaged mini-rings and filament assemblies 
comprised of dense subunits.  Electron tomography (ET) showed mini-rings composed 
of protofilaments.   
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CHAPTER I 
INTRODUCTION  
 
Chloroplasts 
     Plastids are proplastid-derived cellular organelles that originated in meristematic and 
other cells.  These plastids divide and differentiate into specialized organelle types 
during differentiation and development to facilitate molecule storage or for specific 
activities within different cell types (Pyke, 1997; Pyke, 2007).   In some cases, the names 
of these plastids are indicative of either the types of compound they store or their 
functions. For example,  (i) amyloplasts store starch, (ii) chromoplast store pigments (iii) 
elaioplastids store oil and (iv) chloroplasts are the site of photosynthesis (Pyke, 2009) .  
In addition to their role in photosynthesis in plants and algae, chloroplasts are also 
involved in the synthesis of some amino acids, membrane lipids and enzyme cofactors 
(Osteryoung, 2011).  These small (several microns in diameter) organelles are composed 
of a double membrane (inner and outer) envelope that isolates the stroma from the 
cellular cytosol.  Chloroplasts evolved over 1.5 billion years ago during an apparent 
endosymbiotic event between a free-living photosynthetic cyanobacterium and a non-
photosynthetic eukaryote (Douglas, 1998; Martin and Herrmann, 1998; McFadden, 
1999a).  Chloroplast evolution is consistent with Mereschkowsky’s hypothesis that 
cyanobacteria are symbionts (Mereschkowsky, 1905).   
 
 
____________ 
This dissertation follows the style of Molecular Plant. 
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Chloroplasts  are abundant in plant mesophyll cells (Pyke, 1998).  They divide via 
binary fission to maintain adequate cellular levels during cell proliferation, and to 
produce smaller chloroplasts that are capable of phototaxis (Jeong et al., 2002; Leech et 
al., 1981; Osteryoung and Nunnari, 2003; Possingham and Lawrence, 1983).   
 
Chloroplast Division 
     Chloroplast division is initiated and regulated by two nuclear encoded and plastid 
targeted prokaryotic homologs of the Filamentation temperature sensitive Z (FtsZ) 
protein (Miyagishima et al., 2004; Osteryoung and McAndrew, 2001; Osteryoung and 
Nunnari, 2003; Osteryoung et al., 1998b; Stokes and Osteryoung, 2003).  Electron 
microscope (EM) observations provided the first glimpse into the ultrastructural events 
that occur during plastid division, which include the formation of a centrally located 
constriction site within dividing chloroplasts, as well as morphological changes within 
the plastid (Leech et al., 1981).  Although the role of FtsZ in the formation of this 
constriction site has been established and will be discussed in detailed in the next 
section, its role in the generation of the force necessary for division is unknown. 
     Although little is known about the mechanism of constriction, an in vitro bacterial 
study demonstrated that the self-assembly of FtsZ into rings within liposomes provided 
the constriction force for division (Erickson et al., 2010; Osawa et al., 2008) which 
suggests that FtsZ is a force generator during division.  During bacterial division, the 
energy from GTP hydrolysis of FtsZ protofilaments in conjunction with induced FtsZ 
conformational changes may be the generating force during division (Li et al., 2007; Lu 
 3 
et al., 2000). However, the absence of a significant GTP-hydrolysis induced 
conformational change in the FtsZ-ring of chloroplasts suggests the existence of another 
constriction force generating mechanism has yet to be discovered (Olson et al., 2010; 
Smith et al., 2010). Dynamin, a GTPase, has been implicated as the generating force in 
the physical separation of daughter organelles at the conclusion of chloroplast division 
and is known to mediate vesicle fission in the cells of eukaryotes (Gao et al., 2003; 
Yoshida et al., 2006).  Thus, the role of FtsZ in force generation during chloroplast 
division has yet to be determined.  In view of the facts that bacterial FtsZ has been 
studied extensively and that chloroplast FtsZ originated evolutionary from bacteria, a 
comprehensive review of bacterial FtsZ will facilitate an improved understanding of 
chloroplast division.  
 
FtsZ 
     FtsZ is a filament forming, self-assembling GTPase  (Jaiswal et al., 2007; Lu et al., 
2001; Margalit et al., 2004; Oliva et al., 2003; RayChaudhuri and Park, 1994). It is a 
bacterial homolog of tubulin.  It is ubiquitous in bacteria, where it assembles into a Z-
ring along the major axis of the cell during the early stages of cell division  (Bi and 
Lutkenhaus, 1991).  In vitro evidence has also shown that the bacterial FtsZ protein 
polymerizes into tubes and sheets (Figure 1) (Löwe, 1998).  Addinall et al., (Addinall et 
al., 1996) found that FtsZ mutations in Escherichia coli inhibit cell division, which 
confirms that FtsZ is required for normal cell division.   
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Figure 1. The four types of polymers formed by FtsZ in MEMK6.5, a protein assembly 
buffer. (a) Straight protofilaments formed with GTP but without DEAE-dextran; (b) 
sheets of straight protofilaments assembled from FtsZ plus DEAE-dextran; (c) minirings 
assembled with GDP and adsorbed onto a cationic lipid monolayer; (d) FtsZ tubes 
assembled with GDP and DEAE-dextran. The parallel white lines indicate the helical 
protofilaments in these tubes. Reprinted with permission from American Society for 
Microbiology (Lu et al., 2000). 
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     The conserved N-terminal domain of FtsZ, where the Rossman fold, a protein 
structural motif for nucleotide binding, is formed, contains a tubulin signature motif, 
GGGTG (T/S) G where S represents either a G or C,  
that is important for GTP binding (de Boer et al., 1992).The N-terminal domain also 
houses the T7 loop which is a part of the  GTP hydrolysis active site (Scheffers et al., 
2002).  Even though the C-terminal core domain is conserved, it does contain a variable 
region. This region facilitates interactions between the FtsZ-ring and the membrane 
anchoring proteins during division (Ma et al., 2003).               
     The discovery of FtsZ in plants during a search to find prokaryotic cell division genes 
in the genomes of higher plants (Osteryoung and Vierling, 1995) provided powerful 
evidence in support of the endosymbiotic theory.   Bacteria contain a single FtsZ gene 
and chloroplasts contain two phylogenetically distinct FtsZ gene families, FtsZ1 and 
FtsZ2.  These two families evolved when a single FtsZ gene from the cyanobacterial 
endosymbiont was apparently transferred to the nucleus of the host cell and duplicated 
(Figure 2) (Miyagishima et al., 2004; Osteryoung et al., 1998b; Stokes and Osteryoung, 
2003).  The FtsZ1 family has one FtsZ gene product, FtsZ1-1 and the FtsZ2 family has 
two FtsZ gene products, FtsZ2-1 and FtsZ2-2 (Osteryoung et al., 1998a) all of which are 
chloroplast targeted (McAndrew et al., 2001; McAndrew et al., 2008). The FtsZ2 family 
of proteins is more similar to the bacterial FtsZ protein because they contain the 
conserved C-terminal motif (Osteryoung and McAndrew, 2001; Vaughan et al., 2004) 
while the FtsZ1family member does not have the C-terminal conserved motif (Figure 2).  
In A. thaliana, the members of the FtsZ2 family members are functionally redundant, as 
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illustrated by the findings that AtftsZ2-1 restored chloroplast division in ftsz2-2 and 
likewise AtftsZ2-2 restored chloroplast division in ftsz2-1, as long as the total FtsZ2  
 
 
 
 
Figure 2. Schematic representation of the origin and evolution of the plastid FtsZ 
families.   Reprinted with permission from Springer. (Miyagishima et al., 2004) 
 
 
levels were near the typical FtsZ2 levels in WT (Schmitz et al., 2009). Hence the 
research focuses on FtsZ1-1 and FtsZ2-1. FtsZ1 and FtsZ2 have been shown to have 
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distinct non-redundant roles in chloroplast division (Osteryoung et al., 1998a; Schmitz et 
al., 2009).   
     The co-localization of FtsZ1 and FtsZ2 in the middle of the chloroplasts, at the 
division site on the stromal side of the plasma membrane to form a Z-ring (Vitha et al., 
2001), was confirmed by double immunofluorescent labeling of the AtFtsZ1-1 and 
AtFtsZ2-1(Figure 3).  In vivo bacterial studies have demonstrated that the Z-ring is 
dynamic (Anderson et al., 2004; Stricker et al., 2002) and Chapter II of this dissertation 
demonstrates the dynamic nature of the Z-ring in plants.  The FtsZ1: FtsZ2 molar ratio in 
the stroma of A.thaliana chloroplast  is 1: 2 (McAndrew et al., 2008).  Z-ring 
morphology is affected by alterations in AtFtsZ1-1 and AtFtsZ2-1 levels (Osteryoung et 
al., 1998a; Stokes et al., 2000; Vitha et al., 2001).  The Z-ring serves as a scaffold for the 
division machinery in bacteria (Goehring and Beckwith, 2005) and is thought to act as a 
recruitment and interaction site for chloroplast division proteins in plants. 
 
Chloroplast Division Proteins 
     Several components of the division apparatus have been identified, and their 
discovery has contributed to a better understanding of the mechanisms involved in 
chloroplast division. This section will review some of those components.  The spatial 
regulation and positioning of the Z-ring assembly is determined by the Min system 
proteins, and mutations in these proteins give rise to “minicells” (de Boer et al., 1989). 
This inhibitory system ensures that chloroplasts divide centrally along their long axis so  
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Figure 3. Co-localization of AtFtsZ1-1 and AtFtsZ2-1 rings revealed by 
immunofluorescence.  Leaf sections from wild-type Arabidopsis plants were subjected to 
sequential, double immunofluorescence labeling of AtFtsZ1-1 and AtFtsZ2-1. The order 
of antibody application is indicated on the left. Tissue sections were incubated first with 
no antibodies (None), anti–AtFtsZ1-1 antibodies (anti–1-1), or anti–AtFtsZ2-1 antibodies 
(anti–2-1), followed by monovalent anti–rabbit antibody conjugated to Rhodamine red–
X (RRX). Sections were then treated with no, anti–AtFtsZ1-1, or anti–AtFtsZ2-1 
antibody, followed by anti–rabbit FITC conjugate. The labeled sections were viewed 
using FITC (green) and Texas red (red) filter sets. The yellow color in the overlay of the 
red and green signals indicates colocalization of AtFtsZ1-1 and AtFtsZ2-1. Bar, 2 μm.  
Reprinted with permission from (Vitha et al., 2001). 
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Figure 4.  Min proteins in Escherichia coli oscillate to assist in FtsZ-ring positioning.  
MinD-ATP binds to the membrane and recruits MinC. MinE displaces MinC and 
stimulates MinD ATPase, causing release of the proteins from the membrane. Whereas 
released MinE can immediately rebind to MinD on the membrane, the released MinD 
must undergo nucleotide exchange to regenerate MinD-ATP. In the model by Huang et 
al., the concentration of MinD-ATP in the vicinity of the old pole is lowered because it 
binds cooperatively to the membrane already containing bound MinD. In contrast, the 
MinD-ATP concentration increases at the other pole, which lacks bound MinD. As the 
concentration rises, it eventually binds, forming a new polar zone. As MinE is released 
from the old pole, it binds to the ends of the MinD polar zone. Reprinted with 
permission from American Chemical Society (Lutkenhaus, 2007). 
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that the end product is two equal daughter cells.  The bacterial components of this 
system include MinCDE (Figure 4).  Even though the Min CD complex is positioned at  
the poles (Shapiro and Losick, 2000) its swift oscillation from pole to pole 
(Raskin and de Boer, 1999a; Raskin and de Boer, 1999b) inhibits the mislocalization of 
the Z-ring.  MinC interacts directly with FtsZ to thwart Z-ring localization at the poles 
(Hu et al., 1999).  MinD is a GTPase that is required for MinC concentration (Hu et al., 
1999; Marston and Errington, 1999). In E. coli MinE cycles rapidly between the poles 
where it undergoes rapid assembly and disassembly (Raskin and de Boer, 1999b).  This 
dynamic process inhibits Min CD formation midcell by restricting MinCD activity (Fu et 
al., 2001; Hu and Lutkenhaus, 1999; Raskin and de Boer, 1999b; Rowland et al., 2000).         
     The Z-ring positioning system within the chloroplasts of plants contains many 
conserved homologs of the bacterial Min system.   For example, the A. thaliana MinD 
and MinE genes are bacterial homologs (Glynn et al., 2007; Maple and Moller, 2007; 
Yang et al., 2008) that have been functionally characterized (Colletti et al., 2000; 
Fujiwara et al., 2004; Itoh et al., 2001).  To date, no bacterial homolog of MinC has been 
identified in plants.  The direct interactions between the E. coli FtsZ and MinC system 
and AtFtsZ1 and ARC3 suggests that ARC3 may be a functional analog of MinC.  
    ARC3 is a plant-specific protein with similarity to prokayotic FtsZ (Shimada et al., 
2004).  It was first isolated when Pyke and others performed a mutant screen to identify 
plants containing a few large chloroplasts.  ARC3 has been implicated in the regulation 
and positioning of the Z-ring and studies have shown that arc3 mutants contain multiple 
Z-rings (Glynn et al., 2007). The mid-plastid localization (Shimada et al., 2004) and 
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FtsZ1 exclusive interactions (Maple et al., 2007) of ARC3 indicates that it may function 
in FtsZ1 positioning.   
     ARC6 is a homolog of the bacterial Ftn2 (Koksharova and Wolk, 2002). It  is a 
transmembrane protein that interacts with the FtsZ2 Z-ring to stabilize the Z-ring during 
chloroplast division (Vitha et al., 2003).  Homozygous arc6 mutants contain one large 
chloroplast and exhibit severe chloroplast division defects (Pyke and Leech, 1994). 
     PARC6 is an inner envelope protein that it unique to chloroplasts which appears to 
inhibit FtsZ assembly (Glynn et al., 2009).  It has been shown to function in the 
positioning of PDV1to the cytosolic side of the chloroplast (Glynn et al., 2009).   
     ARC5 is a dynamin-like chloroplast division protein of eukaryotic origin (Gao et al., 
2003) that is located mid-chloroplast on the cytosolic face of the chloroplast. ARC5 
appears to be recruited to the division site late in division by PVD1 or PDV2 
(Miyagishima et al., 2006).  Homozygous arc5 mutants (Pyke and Leech, 1994) have a 
characteristic dumbbell morphology because they become arrested in the final stages of 
chloroplast division and are unable to separate into two daughter cells.  The algal 
homolog of ARC5, CmDnm2 may function in the force generation during chloroplast 
division (Yoshida et al., 2006). 
     PDV1 and PDV2 function in the recruitment of ARC5 (Miyagishima et al., 2006) to 
the chloroplast late in division.  The PDV2-ARC6 interaction determines the positioning 
of PDV2 (Glynn et al., 2009).  To date, no other role for either in chloroplast division 
had been identified.   
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Table 1. Components of the cytosolic and stromal plastid division machineries. 
Reprinted with permission from Elsevier (Maple and Moller, 2007). 
 
Machinery Protein Suborganellar 
localization 
Evolutionary 
origin 
Eukaryotic 
homologues 
Stromal AtFtsZ1-1, 
AtFtsZ2-1 
Ring associated with 
inner membrane 
Cyanobacteria Plants, green 
algae 
ARC6 Discontinuous ring; 
spans inner membrane 
Cyanobacteria Plants 
ARC3 Ring and polar loci Cyanobacteria Plants 
AtMinE1 Polar loci Cyanobacteria Plants, green 
algae 
AtMinD1 Polar loci Cyanobacteria Plants, green 
algae 
GC1 
(AtSulA) 
Associated with inner 
membrane 
Cyanobacteria Plants, green 
algae 
Inner 
plastid 
division 
ring 
Ring localized to inner 
envelope 
Components 
unknown 
Components 
unknown 
     
Cytosolic ARC5 Cytosolic patches; ring 
associate with outer 
envelope 
Eukaryotic Plants 
PDV1 Transmembrane 
protein; ring associate 
with outer envelope 
Eukaryotic Plants 
PDV2 Predicted 
transmembrane protein; 
ring associate with outer 
envelope 
Eukaryotic Plants 
Outer 
plastid 
division 
ring 
Ring localized to outer 
envelope 
Components 
unknown 
Components 
unknown 
 
 
       
 13 
 
 
Figure 5. Model of the chloroplast division proteins.  FtsZ1(red) and FtsZ2 (yellow) 
assemblies mid-chloroplast.  The localization of the FtsZ proteins initiates the interaction 
of other division proteins. 
 
 
     The chloroplast division machinery has to orchestrate the complex assembly of 
stromal and cytosolic proteins across a double membrane envelope (Table 1). From an  
evolutionary standpoint, the prokaryotic and eukaryotic origins of the division 
machinery proteins indicates its complexity. Current models indicate that the assembly 
of the FtsZ1 and FtsZ2  into a Z-ring (McAndrew et al., 2001; Vitha et al., 2006; Vitha 
et al., 2001) initiates a cascade of localization and assembly events between other 
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essential chloroplast division proteins such as ARC3, ARC5, ARC6, PARC6 and PDV1 
as well as PDV2 (Figure 5).    
    Analysis and understanding of plastid division proteins and their mechanism of action 
bears agricultural impact as it is thought that the ability to manipulate plastid size will 
result in control over starch granules dimensions.  For example,  FtsZ proteins have been 
shown to play a role in determining amyloplast size and in turn, starch granule size in 
potatoes (Figure 6) (de Pater et al., 2006).  This is of commercial importance because 
control of  starch granule size can translate into increases in wet-milling efficiency and 
starch yield improvements in the order of $280 million per year (Gutierrez et al., 2002).   
 
Arabidopsis thaliana 
     Arabidopsis, a small weed, is a member of the Brassicaceae and was discovered in 
the sixteenth century by Johannes Thal.  In 1943 while describing his research findings,  
Laibach noted that Arabidopsis  (i) has a short generation time, (ii) is easily crossed and 
(iii) is amenable to mutagenesis. Based on those findings, he recommended that it be 
categorized as a model organism (Meyerowitz, 2001).  This plant has only five 
chromosomes - they have all been mapped.  The life cycle of the At WT Col-O ecotype 
is approximately eight weeks from seed germination to flowering (Boyes, 2001).  It is 
geographically distributed throughout the Northern Hemisphere, but its native range 
includes Northwest Africa, Europe and Asia.  The three most common ecotypes used for 
experimentation are Landsberg erecta, Columbia, and Wassilewskija.   
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Figure 6. Scanning electron micrographs of starch granule containing amyloplasts from 
wild-type potato and transgenic lines GBSS-S04, GBSS-S12 and GBSS-S25. The scale 
bars are 50 µm. GBSS, granule-bound starch synthase.  Reprinted with permission from 
John Wiley and Sons (de Pater et al., 2006). 
 
 
     Arabidopsis has been useful in isolating  arc mutants and these mutants have aided 
the design of a working model of chloroplast division (Pyke and Leech, 1994).  These 
arc mutants are useful when testing models and understanding the mechanism of 
chloroplast division.  Genes can be introduced and expressed in the Arabidopsis genome 
via Agrobacterium-mediated transformation (Clough and Bent, 1998).    
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Fluorescence  
     Fluorescent proteins such as green fluorescent protein (GFP) have been used to label 
proteins in living cells and organisms.  GFP was first isolated from the jellyfish, 
Aequorea victoria (Shimomura et al., 1962).  This 238 amino acid protein is encoded by  
a single gene and contains a chromophore  that is composed of modified amino acid 
residues (Ser 65-Tyr 66-Gly 67) (Prasher et al., 1992).  The chemical structure of the 
fluorescence emitting chromophore was first characterized in 1979 (Shimomura, 1979).   
The fluorescent protein is composed of eleven β strands that form a barrel around the 
chromophore (Figure 7) (Ormo et al., 1996).  Fluorescence detection is dependent on 
protein folding and chromophore maturation (Chudakov et al., 2010).  GFP is a stable 
protein that has been introduced into cells of various species for in vivo labeling.  For 
example, the protein product from complementary DNA of the Aequorea victoria GFP 
was shown to fluoresce in E. coli and Caenorhabditis elegans cells when excited with 
blue light (Chalfie et al., 1994). Two absorption maxima at 395 nm and 475 nm and a 
single emission maxima at 509 nm was observed in both of the expressed cell types and 
in the purified native protein (Chalfie et al., 1994; Ormo et al., 1996). Based on this 
information it was proposed that GFP would be a useful tool for gene expression and 
protein localization (Chalfie et al., 1994; Luby-Phelps et al., 2003; Vitha et al., 2006; 
Vitha et al., 2001).  GFP variants with altered absorption and emission spectra and 
enhanced brightness have been shown to improve fluorescence (Heim et al., 1995; Kirk 
et al., 2011). The determination of the crystal structure of GFP (Ormo et al., 1996), the 
discovery of additional GFP-like proteins in other organisms, and the identification of 
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variants and homologs all contributed to the expansion of the fluorescent protein color 
palette (Figure 8) (Heim et al., 1995; Shaner et al., 2004; Shaner et al., 2007).   
 
 
 
Figure 7. (A) Schematic drawing of the backbone of GFP produced by the program 
MOLSCRIPT (32). The chromophore is shown as a ball and stick model. (B) Schematic 
drawing of the overall fold of GFP. Approximate residue numbers mark the beginning 
and ending of the secondary structure elements. N, NH2-terminus; C, COOH-terminus. 
Reprinted with permission from The American Association for the Advancement of 
Science (Ormo et al., 1996). 
 
 
     Fluorescent proteins can be used for a wide array of applications that include protein 
tagging, as was first demonstrated by Chalfie in 1994 (Chalfie et al., 1994).  Protein 
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mobility studies using FRAP techniques (Lippincott-Schwartz et al., 2003), super-
resolution microscopy (Hell et al., 2004), bimolecular fluorescence complementation 
(Kerppola, 2008), and monitoring protein conformations and interactions using FRET 
(Miyawaki and Tsien, 2000) are all possible applications of GFP technology. 
 
 
 
 
Figure 8. A timeline of major achievements in the improvement of fluorescent proteins. 
Green color below the text highlights basic studies of natural diversity of green 
fluorescent protein (GFP)-like proteins; blue, structural insights; orange, development of 
novel fluorescent protein (FP) variants; magenta, appearance of FP-based technologies. 
Drawings of representative animals having FPs are shown above the timeline (from left 
to right: jellyfish, sea anemone, copepod, and lancelet). Columns above the timeline 
show the number of scientific articles per corresponding year that can be found 
searching PubMed with the term green fluorescent protein (this search is not 
comprehensive but reflects the general dynamics of publications on fluorescent 
proteins).  Reprinted with permission from Physiological Reviews (Chudakov et al., 
2010). 
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CHAPTER II 
DIFFERENTIAL TURNOVER DYNAMICS OF CHLOROPLAST 
DIVISION PROTEINS FTSZ1-1 AND FTSZ2-1 IN ARABIDOPSIS 
THALIANA 
 
Introduction 
 
     Plastids such as chloroplasts arose over 1.5 billion years ago as a result of an 
endosymbiotic event between a cyanobacterium and a non-photosynthetic eukaryote 
(Douglas, 1998; Martin and Herrmann, 1998; McFadden, 1999b). Chloroplasts are the 
site of photosynthesis in plants and are composed of an outer and an inner membrane 
which surrounds a large space known as the stroma.  Chloroplasts divide via binary 
fission to maintain adequate organellar numbers during cell division and to produce 
smaller chloroplasts that are capable of phototaxis (Leech et al., 1981; Osteryoung and 
Nunnari, 2003; Possingham and Lawrence, 1983; Spriet et al., 2008).  This division 
process is initiated and regulated by the nuclear-encoded and plastid-targeted 
Filamentation temperature sensitive Z (FtsZ) proteins (Glynn et al., 2007; Maple and 
Moller, 2007; Miyagishima, 2011; Miyagishima and Kabeya, 2010; Miyagishima et al., 
2004; Osteryoung, 2001; Osteryoung and Nunnari, 2003; Osteryoung and Pyke, 1998; 
Stokes and Osteryoung, 2003).  The FtsZ protein was first discovered in bacteria where 
it is essential for cell division (Bi et al., 1991). The prokaryotic FtsZ is a tubulin 
homolog GTPase (Jaiswal et al., 2007; Lu et al., 2001; Margalit et al., 2004; Oliva et al., 
2003; RayChaudhuri and Park, 1994) that assembles into a ring (Z-ring) and acts as a 
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scaffold for the division machinery in bacteria (2002; Larsen et al., 2007).  FtsZ in the Z-
ring assembly may also provide the contractile force during cell division in bacteria 
(Erickson et al., 2010; Ghosh and Sain, 2008; Ghosh and Sain, 2011; Osawa et al., 
2008). 
     The discovery of nuclear-encoded chloroplast targeted FtsZ in plants (Osteryoung 
and Vierling, 1995) provided powerful evidence in support of the endosymbiotic theory. 
The single FtsZ gene from the cyanobacterial endosymbiont was transferred to the 
nucleus of the host cell, apparently underwent gene duplication, and evolved into two 
gene families, FtsZ1 and FtsZ2 in plants (Miyagishima et al., 2004; Osteryoung et al., 
1998b; Stokes and Osteryoung, 2003).FtsZ1 has one family member (AtFtsZ1-1) and 
FtsZ2 has two family members (AtFtsZ2-1, 2-2) that share 83% amino acid sequence 
identity and have redundant functions (Osteryoung et al., 1998b; Schmitz et al., 2009).  
Henceforth the terms FtsZ1 and FtsZ2 will refer to AtFtsZ1-1 and AtFtsZ2-1, 
respectively.  FtsZ1 and FtsZ2 have been shown to have distinct non-redundant roles in 
chloroplast division (Osteryoung et al., 1998b; Schmitz et al., 2009).  FtsZ proteins play 
a role in determining amyloplast size and in turn, starch granule size in crop plants  (de 
Pater et al., 2006).   
Prior to chloroplast division, the FtsZ proteins co-localize mid-chloroplast on the 
stromal side of the chloroplast  membrane to form the  Z-ring (Vitha et al., 2001).  
Alterations in FtsZ1 and FtsZ2 levels within the chloroplast lead to defects in both Z-
ring formation and chloroplast division (Kiessling et al., 2000; McAndrew et al., 2001; 
Osteryoung et al., 1998b; Stokes et al., 2000; Yoder et al., 2007).  The Z-ring serves as a 
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site for the interactions between Z-ring localized FtsZ proteins and accessory proteins 
during chloroplast division. These are important because specific interactions are vital 
for the maintenance of chloroplast division (Glynn et al., 2009; Maple and Moller, 
2007).  The Z-ring is a dynamic structure and undergoes subunit exchange from the 
continued polymerization and depolymeration of the component FtsZ subunits.  In vivo 
and in vitro studies showed Z-ring subunit exchange rates in E. coli to be 8s (Anderson 
et al., 2004)  and 10s (Srinivasan et al., 2008), respectively.  In addition, the in vivo 
subunit turnover rate within the Z-ring of Bacilus subtilis was determined to be 9s 
(Anderson et al., 2004). Although the dynamic nature of the Z-ring has been shown in 
bacteria, there is little information about the Z-ring protein dynamics within the 
chloroplasts of higher plants and the effect that the accessory proteins may have on the 
Z-ring subunit exchange rate.  In plants, FtsZ turnover rates can be coupled with GTPase 
activity assays (Olson et al., 2010; Smith et al., 2010) in order to determine if there is a 
correlation between FtsZ subunit turnover and FtsZ GTPase activity.  To date, the lack 
of functional fluorescently tagged FtsZ proteins expressed inside the chloroplasts of 
plant tissue at levels that do not greatly alter the FtsZ1 and FtsZ2 chloroplast 
stoichiometric ratios and the absence of transgenic plant lines containing FtsZ tagged 
monomeric fluorescent proteins that have a minimum likelihood of protein dimerization 
which could interfere with the FtsZ protein function (Zacharias et al., 2002) have likely 
hindered the research. In this study we [1] determine the in vivo FtsZ1 and FtsZ2 subunit 
turnover rates within the Z-ring of A. thaliana chloroplasts, [2] demonstrate that FtsZ1 
fluorescently tagged proteins complement null mutants and [3] show that fluorescently 
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labeled FtsZ1 and FtsZ2 proteins form Z-ring assemblies when the fluorescent protein 
fusion is expressed at levels comparable or lower than those of WT.  We hypothesize 
that high FtsZ expression in transgenics will cause artifactual assembly characteristics.   
 
Results 
 
AtFtsZ1 Null Mutants Were Complemented by AtFtsZ1-FP Constructs but  
 
AtFtsZ2 Null Mutants Were Not Complemented AtFtsZ2-FP  
 
     Establishing the functionality of fluorescently tagged FtsZ proteins was necessary 
before future experiments could be conducted because the presence of a fluorescent 
protein (FP) tag could either inhibit the function of the protein or cause its performance 
to differ from that of the intrinsic protein.  
     Initial complementation assays we performed using AtFtsZ1-GFP and AtFtsZ2-GFP 
(Vitha et al., 2001) plants that were on hand.  The FtsZ1-GFP constructs were able to 
complement the Arabidopsis ftsZ1 knockout (KO), SALK073878 (Alonso et al., 2003), 
plants but the AtFtsZ2-GFP constructs were not able to complement FtsZ2-1 knockdown 
(KD), SALK134970 (Alonso et al., 2003), mutants. To ensure that the fluorescent 
protein was not dimerizing and interfering with the function of the FtsZ protein 
(Zacharias et al., 2002),  we designed AtFtsZ1 and AtFtsZ2 monomeric yellow protein, 
mYFP, and monomeric cyan fluorescent protein, mCFP, constructs under the control of 
their native promoters.  The  AtFtsZ1-mFP constructs were transformed via 
Agrobacterium-mediated transformation (Clough and Bent, 1998) into SALK_073878 
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plants and the  AtFtsZ2-mFP constructs were transformed using the same method into 
SALK_134970 and  ftsZ2-1/ftsZ2-2 double KO plants.                                       
Light microscopy analysis of FtsZ1 T1 leaf mesophyll chloroplasts revealed that both 
the mFP and GFP version of FtsZ1 constructs were able to rescue the null mutant 
phenotype (Figure 9A).  Phenotypes were categorized as “mutant-like” when the 
chloroplast contained 1 to 5 large chloroplasts per cell, “intermediate” for 6 to 20 
oversized chloroplasts per cell, and “wild-type-like” for 30 to 60 chloroplasts per cell.  
The distribution for the FtsZ1-GFP T1 expressed in FtsZ1-1 null mutant background 
plants expressing mutant-like, intermediate, and wild-type-like phenotypes were 59%, 
38%, and 3%, respectively (Table 2).  The FtsZ1- mFP phenotype distributions in T1 
plants were 16%, 62%, and 22% for mutant-like, intermediate, and wild-type like 
phenotypes, respectively (Table 2). Approximately, 41% of FtsZ1-GFP and 84% of 
FtsZ1-mFP proteins had phenotypes more similar to intermediate or wild-type-like. This 
indicates that the fluorescent protein does not inhibit the function of FtsZ1.   
Additionally, phenotypic analysis of FtsZ2-GFP and FtsZ2-mFP constructs in the 
FtsZ2-1 KD and FtsZ2 double- KO backgrounds revealed that 100% of the T1 plant 
chloroplasts for both constructs have mutant-like phenotypes (Table 2).  Neither the GFP 
tagged nor the mFP tagged FtsZ2 proteins were able to restore chloroplast division in the 
FtsZ2-1 KD background (Figure 9A) or in the FtsZ2 double -KO background (Figure 
9A)  as indicated by the absence of intermediate and wild-type like chloroplast 
phenotypes (Table 2).  This signifies that the tagged FtsZ2 protein is not fully functional.   
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Figure 9.  Complementation tests of FtsZ mutants. A) Chloroplast phenotypes in a leaf 
mesophyll cell in wild-type (WT), FtsZ1 knock-out (FtsZ1 KO), FtsZ2-1 knock-down  
(FtsZ2-1-KD), FtsZ2-1/FtsZ2-2 double knock-out (FtsZ2 double KO) and transgenic 
FtsZ1 KO plants expressing at low- to moderate levels FtsZ1 tagged with either GFP, 
mCFP or mYFP.  Bar = 20 µm. B) Quantitative analysis of chloroplast numbers in leaf 
mesophyll cells.  Numbers of chloroplasts/cell are plotted relative to the cell area. Shown 
are three different transgenic lines, expressing either FtsZ1-mCFP (107J3M3, 107J3X3) 
or FtsZ1-mYFP (108B3J3). R-squared values for the linear regression lines, and the 
probability value P of the F-test in ANOVA are as follows: WT (R
2
=0.58; Significance 
F = 4.68 x10
-8
), FtsZ1 KO (0.002; 0.73), 108B3J3 (0.49; 5.28 x10
-8
), 107J3M3 (0.23; 
2.08 x10
-4
), 107J3X3 (0.45; 4.69 x10
-8
). P-values below 0.01 indicate that the linear 
regression is highly significant.  
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     Quantitative analysis showed that there was a strong correlation between chloroplasts 
and mesophyll cell area for the wild-type (R
2
=0.58) and for the FtsZ1-mYFP (108B3J3) 
(R
2
=0.49) transgenic plant line. A best-fit line of the plotted data showed that this  
particular FtsZ1-mYFP transgenic line restored chloroplast division to a level that 
closely paralleled that of WT and that the null mutant was fully complemented (Figure 
9B).  A best-fit line of the FtsZ1-mCFP lines (107J3M3 and 107J3X3) showed that 
although there was a positive correlation  between the number of chloroplasts and the 
mesophyll cell area expansion for both, their slopes (R
2
= 0.23 and 0.45, respectively) 
were less than that of WT (Figure 9B). These values indicate that partial 
complementation occurred in these two lines. The F-test in ANOVA P-values for the 
three transgenic lines (107J3M3, 107J3X3,108B3J3) and the WT are highly significant 
as indicated by their values of 2.08 x10
-4
, 4.69 x10
-8
, 5.28 x10
-8
, 4.68 x10
-8
, respectively.  
The F-test in ANOVA P-value of 0.73 for the FtsZ1 KO was not significant. 
FtsZ Expression Levels Vary in Transgenic Plant Lines 
 
 FtsZ fluorescent protein fusion constructs expressed under the control of their native 
promoters in order to minimize chloroplast division defects caused by overexpression 
(Stokes et al., 2000) designed in our laboratory and those previously constructed (Vitha 
et al., 2001) were used in this study.  The transgenic plant lines were produced in WT, 
FtsZ1 KO and FtsZ2 double-KO backgrounds and their FtsZ expression levels were 
determined by immunoblotting leaf extracts from these lines and comparing their 
expression to immunoblots from wild-type leaf extracts.   
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Table 2.  Phenotypes of chloroplasts from the leaf mesophyll of FtsZ mutant T1 plants transformed with 
an FtsZ -GFP transgene. 
_______________________________________________________________________ 
Genetic Background  Transgene  Plastid #/phenotype 
_____________________________________________________________________________________
       1-5  6-15  30+ 
_____________________________________________________________________________________ 
 
FtsZ1-1 null mutant  FtsZ1-1GFP                 37  24  2
  
 FtsZ1-1mCFP         4     10  4 
 
FtsZ1-1mYFP      2         13  4 
               
FtsZ2-1 knockdown  FtsZ2-1GFP   20   0  0
                                                   
FtsZ2 double knockout   FtsZ2-1mCFP  38   0   0
                                                                                                                                                                        
FtsZ2-1mYFP   34   0  0 
_____________________________________________________________________________________ 
 
 
     Endogenous AtFtsZ1 expression levels were used as the control for these experiments 
(Figure 10A, lane 1).  No FtsZ1 was detected in the ftsZ1 knockout mutants. Although 
the immunoblot showed undetectable FtsZ1-mYFP expression levels (Figure 10A, lane 
4), the fusion protein complemented the null mutant (Figure 9A) and localized into a 
ring mid-chloroplast (Figure 11B).   The 1-1 antibody recognized moderate FtsZ1-mCFP 
expression at ~75 kDa in the FtsZ1 null mutant complemented line (Figure 10A, lane 5) 
and chloroplast numbers (20-25)  for this transgenic protein were slightly below wild-
type (30 plus) in the mesophyll cells of these transgenic plants during phenotype analysis 
(Figure 9B). The intrinsic FtsZ1 protein of ~42 kDA and the transgenic FtsZ1 protein of 
~73kDa in FtsZ1-GFP (Figure 10A, lane 3) and –mYFP (Figure 10A, lane 11) expressed 
in wild-type backgrounds were detected on the immunoblot and the transgenics had 
expression levels were close to WT (Figure 9A). Rings were observed in the epidermal 
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cells and centralized localization patterns were observed in the mesophyll cells of these 
mYFP fusion proteins (Figure 11D and Figure 12B).  Endogenous FtsZ1 protein levels 
in the FtsZ2-1KD (Figure 10A, lane 6), the FtsZ2 double KO (Figure 10A, lane 8) and 
the FtsZ2 double KO + FtsZ2-mYFP (Figure 10A, lane 9 and lane 10), and the FtsZ2-
mYFP + WT (Figure 10A, lane 12) were all considerably higher than in the WT FtsZ1, 
which indicated that alterations in the FtsZ2 levels affected the FtsZ1 levels in these 
plants.  In the FtsZ2-KD and FtsZ2-mYFP + WT plants, elevated FtsZ1 levels did not 
seem to affect Z-ring localization of chloroplast morphology (Figure 11C and Figure 
12C).  Grossly enlarged mesophyll chloroplasts containing an abundance of puncta and 
filaments of the FtsZ2-mYFP construct (Figure 12D, inset) were observed in some of the 
FtsZ2 double KO + FtsZ2-mYFP. Another observation within a different region of the 
same plant showed larger mesophyll chloroplasts containing a few filaments and 
dumbbell-shaped filament containing epidermal chloroplasts (Figure 12E).   
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Figure 10. Immunoblot analysis of FtsZ1 and FtsZ2 protein in leaf extracts. Immunoblot 
(A) was probed with FtsZ1-1 antibody and immunoblot (C) was probed with FtsZ2-1 
antibody.  Gel loading was normalized to equal amount of total protein, based on the 
Coomassie-stained gel. Extracts from approximately 1 mg fresh-weight of tissue were 
loaded per lane. A, C) Lanes 1) WT, 2) FtsZ1 KO, 3) WT+FtsZ1-GFP overexpressor, 4) 
FtsZ1 KO + FtsZ1-mYFP expressed at very low levels, 5) FtsZ1 KO + FtsZ1-mCFP, 
with WT-like chloroplast division, 6) FtsZ2-1 KD, 7) WT + FtsZ2-1-GFP, 8) FtsZ2 
double KO, 9, 10) FtsZ2 double KO + FtsZ2-mYFP, 11) WT + FtsZ1-mYFP, 12) WT + 
FtsZ2-mYFP. B, D) Equal loading was confirmed by Ponceau-S staining of the 
membrane after transfer. The ~50 kDa RuBisCo band is shown in the bottom panel. All 
lanes are from the same immunoblot, irrelevant lanes were deleted as indicated by the 
white gaps between lanes. The approximate molecular mass is indicated on the right. 
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Figure 11. Localization of FtsZ in leaf mesophyll chloroplasts by fluorescent tag 
expression. Fluorescence of mYFP or mCFP –tagged FtsZ is shown in the green 
channel, chlorophyll autofluorescence in the red channel.  FtsZ localization in the wild-
type chloroplasts was achieved by immunofluorescence labeling with anti-FtsZ1 
antibodies. A) Wild type; B) FtsZ1-null mutant complemented by FtsZ1-mYFP shows 
relatively weak fluorescence signal, localized to the division site (arrows).  C ) FtsZ2-
mYFP expressed at low levels in the FtsZ2-1- knock-down background is localized to Z-
rings at mid-chloroplast (arrows). D) FtsZ1-mYFP in WT background expressed at low 
levels forms Z-rings in the small epidermal chloroplasts (arrows), while the fluorescence 
signal in mesophyll chloroplasts is not discernible. E) FtsZ2-mYFP in WT background 
at low levels shows similar localization as in D). Scale bar = 10 µm. 
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Figure 12. Localization of fluorescently tagged FtsZ1 and FtsZ2 in leaf mesophyll 
chloroplasts. Fluorescence of FtsZ-mYFP (green channel), chlorophyll autofluorescence 
(red channel) and a color overlay of the fluorescent channels are shown. A) Aberrant 
FtsZ localization in FtsZ1-null mutant with high expression of FtsZ1-mYFP; B) A plant 
with with moderate expression of FtsZ1-mYFP in WT background. Mid-plastid 
localization of FtsZ1-mYFP in mesophyll cells, aberrant localization in epidermal 
chloroplasts. C) A plant with low- to  moderate expression of FtsZ2-mYFP in WT 
background. Mid-plastid localization of FtsZ2-mYFP in mesophyll chloroplasts. D) 
FtsZ2 double KO mutant with high expression of FtsZ2-mYFP. Both linear and circular 
assemblies are present.   E) FtsZ2 double KO mutant with moderate to expression of 
FtsZ2-mYFP. Small dumbbell-shaped epidermal chloroplast show FtsZ2-mYFP signal at 
the constriction site (arrows), in addition to FtsZ assemblies elsewhere. Scale bar = 10 
µm, except for the inset in D), where it represents 2 µm. 
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The FtsZ2 protein expression levels in ftsZ1 knockout mutants (Figure 10C, lane 2) were 
approximately twice that of the WT (Figure 9C, lane 1).  The barely detectable FtsZ2 
level in FtsZ1-GFP expressed in wild-type plants (Figure 10C, lane 3) indicates that the 
transgenic expression altered the native FtsZ2 protein expression. The identification of 
an FtsZ2 level that was slightly lower than WT in FtsZ1 KO+ FtsZ1-mYFP 
complemented plants (Figure 10C, lane 4) is in contrast to the lack of detectable  FtsZ2 
protein signal on the immunoblot for the FtsZ1 KO+ FtsZ1-mCFP complemented plants 
(Figure 10C, lane 5). Neither the FtsZ2-1 KD (Figure 10C, lane 6) nor the FtsZ2 double 
KO (Figure 10C, lane 8) expressed FtsZ2 protein.  The transgenic FtsZ2 protein level for 
the FtsZ2-GFP + WT (Figure 10C, lane7) was near the WT level but the endogenous 
FtsZ2 level for this leaf extract was slightly lower than WT.  FtsZ2-mYFP + WT (Figure 
10C, lane 12) transgenic and native FtsZ2 levels were considerably higher than WT.  
There was a lack of transgenic and native FtsZ2 protein expression in one of the FtsZ2-
mYFP +FtsZ2 double KO leaf extracts (Figure 10C, lane 10) and in the FtsZ1-mYFP + 
WT (Figure 10C, lane 11).  The other FtsZ2-mYFP +FtsZ2 double KO leaf extracts 
(Figure 10C, lane 9) had a transgenic expression level that was slightly higher than WT.   
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Fluorescently Tagged FtsZ1 and FtsZ2 Proteins Form Z-ring Assemblies at the  
 
Division Site when Expressed at Low Levels  
 
 Previous work has indicated that the fluorescently tagged FtsZ1 and FtsZ2 were 
capable of assembly and were probably co-assembling with the endogenous FtsZ in 
chloroplasts (Fujiwara et al., 2009; Vitha et al., 2001).  In transgenic plants,  FtsZ1-
mYFP as well as the –mCFP and –GFP tagged versions were localized to mid-plastid 
when expressed at low levels in either the FtsZ1 null mutant background, where it 
restored chloroplast division, or the wild-type background, as  described above (Figure 
11B and 11D). These chloroplasts were not enlarged and their morphology was similar 
to that of the WT chloroplasts (Figure 11A).  At higher expression levels of the 
transgene (as judged visually by fluorescence microscopy from the strength of the FP 
signal, as well as by immunoblotting analysis), we observed enlarged, irregularly shaped 
chloroplasts containing networks of filaments throughout the organelle (Figure 12A).  
Moderate expression of the FtsZ1-mYFP protein in the WT background resulted in the 
formation of multiple filamentous networks in some mesophyll chloroplasts and in the 
formation of a Z-ring mid-chloroplast in other chloroplasts (Figure 12B).   
     When low-expressing FtsZ2-mYFP constructs were transformed and expressed in a 
wild-type background, FtsZ assemblies localized to the periphery of the epidermal 
chloroplasts and mid-chloroplast in several of the mesophyll chloroplasts (Figure 11E 
and Figure 12C).  In the FtsZ2 double-KO transformed with FtsZ2-mYFP expression is 
high, chloroplast division is almost completely blocked, the mesophyll chloroplasts are 
extremely large and of irregular shape, and it is no longer possible to locate the mid-
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plastid (Figure 12D). In leaf epidermal cells of FtsZ2-KO transformed with FtsZ2-mYFP 
transgenic plants, the chloroplasts were much smaller and quite often were elongated or 
dumbbell-shaped. The FtsZ2-mYFP inside the chloroplasts formed Z-ring assemblies 
mid-plastid and formed mini-rings and filaments away from the constriction site (Figure 
12E).  These observations confirmed that low level expression of the fluorescently 
tagged FtsZ protein does not significantly disturb chloroplast division in the wild-type 
background, and they show that localization patterns and chloroplasts sizes in 
complemented mutants are similar to wild-type. These plants with protein expression 
levels and FtsZ localization patterns similar to those of WT were used for analysis of 
FtsZ turnover in the Z-ring by fluorescence recovery after photobleaching (FRAP).  
AtFtsZ1 and AtFtsZ2 Exhibit Dynamic Subunit Turnover in the Z-ring of the 
 
Chloroplast 
 
     FtsZ1 and FtsZ2 co-localize in the mid-chloroplast area (Vitha et al., 2001),and  
bacterial studies show that they form a Z-ring that is dynamic  (Anderson et al., 2004; 
Stricker et al., 2002).  This Z-ring serves as a scaffold for accessory proteins and the ring 
constricts during chloroplast division.  The in vivo substructure of the Z-ring has not 
been elucidated, but experiments aimed at providing additional information about the 
ring behavior could contribute to the current model of the Z-ring structure.  For example, 
information about the FtsZ1 and FtsZ2 turnover rates in the ring can be used to make 
connections between known GTPase activities and FtsZ protein dynamics.  These 
experiments could also ascertain how accessory protein interactions affect subunit 
turnover.  FRAP data of FtsZ1 and FtsZ2 Z-ring protein dynamics in various mutant 
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backgrounds could be compared to their turnover rates in native-like environments to 
draw conclusions about the effect of accessory protein interactions on Z-ring proteins.   
    The results of pilot experiments conducted in our laboratory indicated that both FtsZ1-
GFP and FtsZ2-GFP exhibit dynamic turnover in and out of the Z-ring and that their 
half- time-to-recovery (t ½) values range from tens to hundreds of seconds for FtsZ1-
GFP and FtsZ2-GFP, respectively.  For these preliminary experiments, we used 
transgenic plants expressing FtsZ fusions with GFP (Vitha et al., 2001) at relatively high 
levels.  These elevated expression levels were of concern because the overexpression of 
FtsZ causes artifactual localization (Kiessling et al., 2000; McAndrew et al., 2001; 
Stokes et al., 2000; Vitha et al., 2001). We were also concerned that the stoichiometry 
between FtsZ1 and FtsZ2 is significantly altered in such plants, which may affect the 
observed turnover rates. Furthermore, many of the fluorescent proteins derived from 
GFP are weakly dimeric (Zacharias et al., 2002), which may affect their dynamic 
behavior.  Therefore, plants expressing FtsZ1 or FtsZ2 tagged with monomeric forms of 
CFP and YFP (Zacharias et al., 2002) at low levels in wild-type background were chosen 
for this experiment. FtsZ-mFP fluorescence is detectable in epidermal plastids, but 
generally is barely detectable in mesophyll chloroplasts in these plants. The mYFP 
fluorescence was brighter and more photostable than that from mCFP and therefore 
FtsZ1-mYFP and FtsZ2-mYFP were investigated in FRAP experiments.  These 
experiments were hindered by the high scattering of the leaf tissue, even after vacuum 
infiltration with water or infiltration with fluorocarbon oil (Littlejohn et al., 2010) and  
imaging with a water immersion objective. Another difficulty with imaging fluorescent 
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proteins in leaf mesophyll chloroplasts is the high autofluorescence of chloroplast 
pigments which prevents imaging of weakly fluorescing structures at a sufficient signal-
to-noise ratio during extended time-lapse sequences. In order to minimize these 
hindrances, we chose to investigate FtsZ turnover in the leaf epidermal chloroplasts, 
which tend to provide brighter signal and lower background and are optically more 
conducive to live imaging.  
     We used fluorescence recovery after photobleaching (FRAP) to measure the FtsZ 
subunit turnover rate within the Z-ring of leaf epidermal chloroplasts. A time series of 
these FRAP experiments show that fluorescence recovery in the bleached region of 
interest is apparent over time (Figure 13A and 13B).  The (t ½) was 117 ± 62 s and 325 ± 
117 s for FtsZ1-mYFP and FtsZ2-mYFP, respectively (Figure 13C and 13D). The 
FtsZ1-mYFP turnover was slower than was measured in the pilot experiments in plants 
expressing either FtsZ1-GFP (data not shown) or FtsZ1-mYFP at very high levels (t ½= 
57 ± 41 s, and 59 ± 31 s, respectively).  
     Controls with either fixed tissue (Figure 13E) or whole-chloroplast photobleaching 
(Figure 13F) did not show any recovery of fluorescence, indicating that reversible 
photobleaching of the fluorescent protein is not significant under these experimental 
conditions and that recovery of fluorescence in the Z-ring is due to subunit exchange in 
the Z-ring. 
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Figure 13. FRAP analysis of FtsZ1-mYFP and FtsZ2-mYFP filament assembly 
dynamics in leaf epidermal chloroplasts. A) Montage of selected frames from the time-
lapse sequence for FtsZ1-mYFP and FtsZ2-mYFP-expressing plants. Because of the 
substantially longer recovery of FtsZ2-mYFP fluorescence, the data collection was 
extended to ~20 min (1200 s). The boxed area at T=0 indicates the bleached region. Bar 
= 5 µm. B, C) an example of a FRAP curve for FtsZ1-mYFP and FtsZ2-mYFP, 
respectively. The drop line indicates the time of 50% recovery (t1/2).  E) Control, fixed 
tissue. F) Control, live tissue, photobleaching of the entire chloroplast. The dip in the 
signal at T=1000s is due to a focus shift. 
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Discussion 
 
Complementation Is Affected by FtsZ Expression Levels  
 
     FtsZ expression levels affect chloroplast division (Colletti et al., 2000; Osteryoung et 
al., 1998b; Reddy and Day, 2001; Stokes et al., 2000; Vitha et al., 2001).  For this 
reason, FtsZ expression levels during complementation of mutants are indicative of the 
functionality of the fluorescently labeled FtsZ protein.  For example, high transgene 
expression levels alter the 1: 2 stoichiometric ratio of FtsZ1 to FtsZ2 that is necessary for 
normal chloroplast division. An altered ratio results in chloroplast division defects. 
Differences in FtsZ-FP expression levels are also responsible for the wild-type like, 
intermediate and severe phenotypes that were observed within the complementation 
lines.   
     Since it is difficult to discern small changes in chloroplasts size, quantitative analysis 
of chloroplast phenotypes were used to determine similarities and differences in the  
transformants.  The FtsZ1-mYFP complement (Figure 10A, lane 4) with undetectable 
immunoblot transgenic protein levels had chloroplasts per cell area numbers that were 
more similar to WT than the FtsZ1-mYFP complement with transgenic expression levels 
similar to WT (Figure 10A, lane 5).  Low transgenic expression levels may be more 
representative of WT levels.   
     The FtsZ1-GFP transgene is functional and able to restore chloroplast division as 
indicated by the intermediate and wild type-like phenotypes observed in the T1 
chloroplasts.   
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     The lack of intermediate and wild type-like T1 chloroplast phenotypes in the FtsZ2-
GFP complementation test results shows that this fusion protein was unable to restore 
chloroplast division in the mutants (Table 2).  The FP tag attached to the C-terminus of 
the FtsZ2 protein could adversely affect the Z-ring formation as this is the site of the 
FtsZ2-ARC6 interaction (Schmitz et al., 2009; Vitha et al., 2003).  This interaction plays 
a major role in Z-ring anchoring because ARC6 tethers the Z-ring to the inner 
chloroplast membrane (Vitha et al., 2003).  
     Construction of an FtsZ2-FP construct that will be inserted in the variable region of 
the C-terminus is underway in our laboratory.  This new construct will be used to 
complement the FtsZ2 double-KO mutants and to confirm if the current constructs 
interfere with the tethering of the Z-ring to ARC6. Since this block in chloroplast 
division was observed in both the GFP and the mFP forms of the tag, it is unlikely that 
the tag itself is hindering complementation and more feasible that the placement of the 
tag is the issue. 
FtsZ Expression Levels Affect Chloroplast Division 
 
   FtsZ protein expression levels measured by Western Blot correlate to the FtsZ 
localization patterns observed with light microscopy and it appears that slight 
overexpression does not affect chloroplast division.  For example, low to moderate 
expressors have Z-rings that assemble mid-chloroplast (Figure 11B, 11C, 12B and 12C).  
Light microscopy images of low expressing FtsZ1 null mutant plants transformed with 
FtsZ1-mYFP show Z-ring localization mid-chloroplast and contain chloroplasts that are 
similar in size to wild-type (Figure 11B).  However, when the same transformant was 
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expressed at high levels deformed mesophyll chloroplasts containing lots of filaments 
were noticed (Figure 12A).  Based on these findings, it appears that FtsZ expression 
levels have a direct effect on chloroplast division and that they are instrumental in 
determining FtsZ localization patterns.  When the FtsZ1-mYFP construct was expressed 
in a WT background in moderate amounts as determined immunoblotting data, mid-
chloroplast localization of the Z-ring was not as prevalent and filamentous networks 
within the chloroplast seemed to dominate Figure 12B).  This wild-type like Z-ring 
localization and size trend was also seen in low-expressing FtsZ2-mYFP constructs 
expressed in a wild-type background (Figure 12C).  Overexpression of FtsZ2-mYFP in a 
WT background blocked chloroplast division as indicated by grossly enlarged mesophyll 
chloroplasts and the appearance of filamentous networks in epidermal chloroplasts 
(Figure 11E). Although high FtsZ2 transgenic expression levels occurred in the FtsZ2-
mYFP-WT constructs they were unable to restore chloroplast division as evidenced by 
low numbers of mesophyll chloroplasts per cell, the abundance of ring-like assemblies 
(Figure 12D, inset) and filaments in the dumbbell-shaped epidermal chloroplasts 
(Figure12E, white arrows).   
     For the 2-1 antibody immunoblots, although no transgenic FtsZ2-1 was detected in 
one of the FtsZ1 KO complemented lines (Figure 10C, lane 5), the chloroplast numbers 
for these this leaf extract (Figure 9B) were near WT, which indicates that FtsZ2-2 levels 
probably compensated for the low FtsZ2-1 level as these two proteins have been shown 
to be functionally redundant (Schmitz et al., 2009).  Our analysis did not specifically 
determine FtsZ2-1 levels, so the lack of a detectable transgenic protein in one of the two 
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FtsZ2 double KO + FtsZ2-mYFP leaf extracts (Figure 10C, lanes 9 and 10) may have 
been caused by the low expression of FtsZ2-mYFP in the latter.  The lack of endogenous 
protein in the FtsZ1-mYFP + WT leaf extract (Figure 10C, lane 11) was also caused by 
low construct expression levels. Taken together, these conclusions point to the idea that 
low expression levels of tagged proteins do not alter chloroplast division and they show 
that these proteins can be helpful in understanding the chloroplast division machinery.   
Fluorescently Labeled FtsZ Localization Patterns  
 
     Regardless of the background, low expression levels of fluorescently tagged FtsZ1 or 
FtsZ2 protein do not completely inhibit the formation and localization of the Z-ring. It 
seems that the small increases in overall FtsZ protein concentrations do not alter the 
stoichiometry in a way that blocks chloroplast division.  Mesophyll cells of WT plants 
transformed with FtsZ1-mYFP or FtsZ2-mYFP constructs resulted in altered FtsZ 
localization. This could be due to a partial block of chloroplast division as a result of 
changes in the FtsZ ratio within the chloroplast.  Mild FtsZ stoichiometry changes do not 
seem to affect mid-mesophyll cell localization as observed in the case of FtsZ1-mYFP 
expressed in the FtsZ1 KO (Figure 11B).  This localization pattern was missing in 
moderately expressed FtsZ1-mYFP in a wild-type background (Figure 9B).  Since wild-
type FtsZ-mFP has low expression patterns, it seems that the FtsZ expression levels in 
these lines are close to native levels. Based on these findings it could be concluded that 
there is a direct correlation between low FtsZ-mFP construct expression levels in wild-
type backgrounds and FtsZ functionality.  Low FtsZ expression may minimize 
chloroplast division disruptions associated with FtsZ overexpression.  
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Z-ring Dynamics 
 
     Interactions between the Z-ring proteins and accessory chloroplast division proteins 
(ARC3, ARC6, PARC6, PDV1, PDV2, and ARC5) may affect Z-ring dynamics and the 
subsequent rate of Z-ring turnover. The slower rate of AtFtsZ-mYFP recovery when 
compared to that of bacteria
 
could be due to interactions that are occurring between the 
Z-ring proteins (FtsZ1 and FtsZ2) and one or several of the accessory proteins. FRAP 
studies on the microtubule dynamics in Arabidopsis showed a similar phenomenon  
(Shaw et al., 2003), although the analysis occurred over a shorter time period.  FRAP 
studies on more stable structures like interphase microtubule arrays (Saxton et al., 1984)  
and actin stress fibers (Wang, 1987)  have ( t ½) values of 200 s and 500s seconds, 
respectively.  The slower turnover rate within the Z- ring could be advantageous for its 
role as a scaffold for other accessory proteins as well as for it role in force generation 
during chloroplast division.    
The FtsZ2-mYFP (t ½) value was more than two times that of FtsZ1-mYFP.  Binding 
interactions with assembly proteins like ARC6 could have affected the movement and 
thus the recovery rate of the FtsZ2 protein.  Another possibility could be that the tagged 
FtsZ2 protein is being outcompeted for assembly by the intrinsic, non-tagged FtsZ2, 
which would decrease the number of tagged FtsZ2 subunits that are incorporated into the 
Z-ring.  Slow diffusion rates, as reported previously (Sprague and McNally, 2005), could 
also contribute to a delay in the recovery time.  The shorter recovery times observed in 
FtsZ1-GFP than in FtsZ2-mYFP pilot samples may be attributed to the possibility that 
the abundance of fluorescently tagged protein outcompeted the native FtsZ protein 
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during Z-ring incorporation.  Those samples had high FtsZ expression levels. The longer 
recovery rate observed in the FtsZ2-mYFP overexpressing line (325 s) when compared 
to FtZ1-mYFP overexpressing line (117 s) could be the result of FtsZ2 accessory protein 
interactions (Figure 13C and 13D).  It is thought that the Z-ring dynamics observed in 
low FtsZ-mFP expressing lines reflect those of the native FtsZ expression levels since 
the localization patterns of these fluorescently labeled FtsZ proteins was similar to those 
seen in wild-type tissue.   
The FtsZ subunit turnover rates in the Z-ring for both FtsZ1-1 and FtsZ2-1 were 
slow than those of bacteria (Table 3).  It is possible that the interaction between FtsZ2 
and ARC6 could slow the subunit turnover. The difference in the turnover rates may 
have been influenced by the presence of the two FtsZ proteins in plants. There is a 
correlation between GTPase activity and subunit turnover with FtsZ1 having a faster 
GTP hydrolysis rate than FtsZ2 (Olson et al., 2010; Smith et al., 2010).  
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Table 3.  FtsZ subunit turnover dynamics in plants and bacteria. 
 
 
 
Materials and Methods  
 
Plant Material and Growth 
 
     All Arabidopsis thaliana plants used in the experiments are in the ecotype Columbia 
(Col-O) background.  All seeds were sown on Redi-Earth (SunGro Horticulture, 
Bellevue, WA).  The pots were covered with a humidity lid and stratified at 6 ºC for 72 
hours.  Afterwards the pots were transferred to a rooftop greenhouse and grown at a 
temperature of 22 ºC and a relative humidity of 62%. The lids were removed after 5 days 
and the plants were grown for 4 weeks and watered as needed.   
Plasmid Constructs 
 
      The complementation constructs mCFP and mYFP obtained from Dr. Roger Tsien’s 
Lab (University of California, San Diego) were amplified by PCR using primer 5’-
GATGACTAGTAAGGGCGAGGAGCTGTTC (forward) containing a 5’ SpeI site and 
5’-AAATGTTTACTTGTACAGCTCGTCCATGC (reverse) containing a 3’ STOP 
codon, cloned into pBluescript plasmid and sequenced to confirm that no PCR errors 
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were introduced into the coding sequence.  The mYFP were excised using a SpeI-PstI 
double digest and cloned into SpeI-PmlI digested site in pCAMBIA_BAR 1302  
(GenBank accession no. AF234298) (Shaner et al., 2004)which carries glufosinate 
ammonium resistance. This produced vectors for C-terminal tagging with mYFP.  The 
construct design for mCFP was identical to that of mYFP.   
Construction of AtFtsZ-mCFP and AtFtsZ-mYFP Transgenes 
 
      The FtsZ1 genomic sequence was amplified using primers 5’- 
TAGAATTCGCATGCGCAAAGTCAGT  (forward)  and 5’-
TATGGATCCTGGAAGAAAAGTCTACGGGGA (reverse) to create an EcoRI forward 
restriction site (underlined) and a BamHI reverse restriction site (underlined).  The 
AtFtsZ2cDNA sequence was also amplified by PCR using primers 5’- 
GCATGAATTCTCAGCACCGTAAATGTAGC (forward) and 5’-
ATAGGATCCTGGACTCGGGGATAACGAG (reverse) to create an EcoRI forward 
restriction site (underlined) and a BamHI reverse restriction site (underlined).  The ~2.2-
kb AtFtsZ1 amplicon and the ~2.8-kb AtFtsZ2 amplicon were inserted in front of either a 
mCFP or mYFP in the tagging vectors.  The transgenics were sequenced to confirm that 
no PCR errors were introduced into the coding sequence and to confirm that the insert 
was in frame with the mFP coding sequence.  The FtsZ-mFP construct was excised and 
inserted into the plant transformation vector pMLBART_BAR 1302 in front of the mFP. 
Plant Transformation 
 
     The FtsZ-FP constructs were introduced into plants via Agrobacterium-mediated 
transformation as described (Clough and Bent, 1998) followed by germination of T1 
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seedlings on soil.  T1 seedlings were sprayed three times (7, 10, 16 days) with 
glufosinate herbicide herbicide containing 120 mg/liter glufosinate ammonium as the 
active compound. Leaves from the surviving plants were visualized using fluorescence 
microscopy.  
Microscopy 
 
     Immunofluorescence localization of FtsZ1 using specific anti-FtsZ1 antibody was  
performed as described previously (Vitha et al., 2001). Laser scanning confocal 
microscopy of fluorescently tagged FtsZ proteins in Arabidopsis leaf tissue was 
performed using an Olympus FV1000 confocal microscope equipped with a 60x/1.2 
water immersion objective and lasers appropriate for the fluorescent proteins (405 nm 
for mCFP, 488 nm for GFP and mYFP). Leaves were infiltrated with water to remove air 
pockets and improve image quality.  In FRAP experiments, 10 pre-bleach images were 
collected at 2-sec intervals. A small region of interest, of approximately 1.5 x 1.5 µm 
was then bleached at 100% laser intensity.    
    In order to achieve good temporal resolution of the post-bleach recovery and to 
minimize the overall light dose and phototoxicity by the imaging beam, the post-bleach 
images were acquired with a variable progressively longer time interval.  The post-
bleach imaging sequence consisted of three segments (10 x 2s, 20 x 5s, up to 50x 20s).  
The individual imaging segments were joined (appended) in the confocal software 
(FV10-ASW, ver. 1.7c) and the image stacks and the corresponding time stamps for 
each frame were exported for analysis. Since chloroplasts exhibit significant phototropic 
movements when irradiated with the blue imaging laser, the images were processed 
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using stack alignment with ImageJ software (http://rsb.info.nih.gov/ij) and the 
“stackreg” stack registration plugin.   
     Analysis of the FRAP image sequence was performed as described (Anderson et al., 
2004) and involved background subtraction, correction for photobleaching by the 
imaging laser, and normalization relative to pre-bleach levels.  A single exponential fit 
of the post-bleach fluorescence intensity was performed using the Solver module in MS 
Excel. 
     Control leaf tissue for the FRAP experiments was vacuum-infiltrated with 3% 
formaldehyde in phosphate-buffered saline (PBS, 0.14 M NaCl,  2.7 mM KCl,  6.5 mM 
Na2HPO4,  5 mM KH2PO4,  3.0 mM NaN3;  pH = 7.3) and incubated at room 
temperature for 30 min. Prior to microwave processing, the sample was subjected to a 
vacuum cycle for 30s. It was then fixed  in a Pelco Biowave laboratory microwave 
processor equipped with a ColdSpot temperature control system, with power set to 
250W and a 6-minute cycle (2 min on, 2 min off, 2 min on).  The temperature cut-off 
was set to 37° C.  Tissue was then rinsed in PBS three times, with microwave irradiation 
1 min at 250W power in each rinse and then used for imaging.   
     Plastid counting was accomplished using a Zeiss Axiophot equipped with a 40x/0.75 
objective and a Coolsnap cf (Photometrics, Tucson, AZ) digital camera. 
Separating Cells for Plastid Counting 
 
A central segment of an almost fully expanded leaf was excised and fixed in 3% 
(v/v) glutaraldehyde using a microwave processor as described above. The fixative was 
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then replaced with 0.1M EDTA (pH 9) and the samples received another 6 minute 
microwave treatment before being incubated at 55º C for 60 minutes. 
Immunoblotting 
 
     Light microscopy analysis was employed to confirm the presence of a fluorescent 
signal in transgenic plant lines.  Extracts from expanding leaves from approximately 5-
week old plants were prepared as described previously (Stokes et al., 2000). The 
homogenates were heated at 70º C for 15 minutes, filtered through Miracloth 
(Calbiochem) and stored at -20º C.   Prior to the start of electrophoresis the samples were 
heated at 70º C for 1 minute and vortexed briefly. 
     Proteins were separated by SDS-PAGE  on a 1.5 mm  polyacrylamide gel (10% (w/v) 
separating polyacrylamide gels and 4% (w/v) stacking polyacrylamide gels) using the 
Mini-PROTEAN 3 system (Bio-Rad) (Laemmli, 1970) and transferred via electroblot to 
0.2 μm nitrocellulose membranes (Bio-Rad).  Equal gel loading was ensured by 
measuring the relative amount of total protein by densitometry of a Coomassie-stained 
gel. 
     One membrane was blocked for 1 hour in TBST (Tris-HCl, pH 7.4, 200mM NaCl, 
and 0.2% (v/v) Tween 20) that included 2% (v/v) cold water fish gelatin (Sigma- 
Aldrich, Saint Louis, MO).  Next the blot was incubated overnight in TBST containing 
2% (v/v) cold water fish gelatin and FtsZ1-1 (1:10,000) affinity-purified antibody 
(McAndrew et al., 2008; Stokes et al., 2000; Vitha et al., 2001) at 4º C on a vigorously 
agitating orbital shaker.  After four ten-minute washes in TBST, the  blot was incubated 
in a (1:10,000) dilution of FtsZ1 horseradish peroxidase-conjugated affinipure goat anti-
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rabbit IgG secondary antibody (Jackson ImmunoResearch, West Grove, PA) diluted in 
TBST plus 2% (v/v) cold water fish gelatin for two hours at 21º C  on a vigorously 
agitating orbital shaker.  The membrane was washed in TBST two times for 10 minutes 
each and in TBS two minutes for 10 minutes each.  Membranes were developed using 
the SuperSignal West Pico Chemiluminescent Substrate Kit (Thermo Scientific, 
Portsmouth, NH) and the signal was recorded on 5” by 7” Blue X-Ray Film (Phenix 
Research Products, Candler, NC).  The second membrane was blocked for 30 minutes in 
TBST (Tris-HCl, pH 7.4, 200mM NaCl, and 0.05% (v/v) Tween 20) that included 0.25% 
(v/v) cold water fish gelatin.  Afterwards the second blot was incubated for 4 hours in 
TBS  containing 0.05% (v/v) Tween 20 and 0.25% (v/v) cold water fish gelatin and 
FtsZ2-1 (1:25) affinity-purified antibody at 23º C on a vigorously agitating orbital 
shaker. After two 20-minute washes in TBS plus 0.2% (v/v) Tween 20, the blot was 
incubated (1:10,000) dilution of rabbit anti-goat IgG, horseradish peroxidase-conjugate 
seconday antibody (Millipore, Billerica, MA) diluted in TBS plus 0.05% (v/v) Tween 20  
and 0.25% (v/v) cold water fish gelatin for one hour at 21 ºC on a vigorously agitating 
orbital shaker.  The membrane was washed in TBS plus 0.05% (v/v) Tween 20 two 
times for 5 minutes.  The membrane was developed as described above. 
Blot Quantification 
 
     Relative densities of the bands were determined for the immunoblots using Image J.  
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CHAPTER III 
MAINTAINING SPECIFIC FLUORESCENCE IN ARABIDOPSIS 
THALIANA AFTER HIGH PRESSURE FREEZING, FREEZE 
 
SUBSTITUTION AND EMBEDDING 
 
Introduction 
    To glean the maximum amount of information from ultrastructural studies of 
biological samples, it is important to preserve samples as close to their natural state as 
possible (Gilkey and Staehelin, 1986; Nicolas, 1991; Robards and Sleytr, 1985).  This 
involves instantaneous immobilization via rapid freezing (milliseconds) and fixation of 
structures using a suitable cryogenic protocol.  The most common methods used for this 
type of cryofixation include propane jet freezing, slam freezing, plunge freezing and 
high pressure freezing (HPF) (Gilkey and Staehelin, 1986; Plattner and Bachmann, 
1982) .  Of the methods mentioned, only HPF allows samples up to 0.6 mm to be frozen 
by subjecting them to pressures above 2000 bar and freezing in liquid nitrogen (LN2) 
without distorting ice crystal damage because this pressure maximally suppresses ice 
crystal nucleation and growth (Dahl and Staehelin, 1989; Gilkey and Staehelin, 1986; 
McDonald, 1999). The higher cooling rates associated with HPF accommodate the 
formation of smaller ice crystals which have been shown to minimize the formation of 
hexagonal ice which could damage tissues and lead to artifacts (Dahl and Staehelin, 
1989; Hoppert and Holzenburg, 2003; McDonald, 1999; Studer, 1992).  Another 
advantage of using this procedure is that it minimizes the extraction of intracellular 
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components such as proteins and lipids (Plattner and Bachmann, 1982) and it is suitable 
for immobilizing animal and plant tissue and microorganisms (Studer et al., 1989a).  In 
essence, HPF works by reducing the critical freezing rate of water to -22° C thereby 
keeping it liquid and lowering the ice crystal nucleation rate and growth rate (Dahl and 
Staehelin, 1989).  The latter is also supported by the fact that freezing at high pressure 
produces amorphous ice of a higher density than water (Franks, 1982).   Among the 
different cryoimmobilization procedures in use, HPF has been determined to be suitable 
for preparing a number of model organisms, such as A. thaliana, C. elegans, N. tabacum, 
Sacchromyces cerevisiae,  Schizosaccharomyces pombe and  E. coli for electron 
microscopic imaging (Austin and Staehelin, 2011; Kang, 2010; Kiss, 1995; Kukulski et 
al., 2011; McDonald et al., 2007; McDonald and Webb, 2011).   
     Cryoprotectants aid in ultrastructure preservation by keeping  tissue water in a liquid 
state at low temperatures and by increasing the number of small ice crystals or 
nucleation centers which in turn minimizes ice crystal growth (Gilkey and Staehelin, 
1986; Skaer, 1982).  Cryoprotectants fill empty spaces within the volume of the 
planchette in order to prevent air pockets from becoming barriers to HPF and to prevent 
these pockets from collapsing during pressurization and deforming the sample prior to 
freezing (Dahl and Staehelin, 1989).  In addition, some of these protective agents 
increase the success rate in obtaining well frozen samples by reducing extracellular ice 
crystal formation and by suppressing heat release during crystallization (Dahl and 
Staehelin, 1989).  Since the overall goal of HPF is to stabilize tissue without disrupting 
its natural processes, cryoprotectants must be chosen based on their cellular interactions.  
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If these interactions are intracellular, the agents are classified as penetrating, but if these 
interactions are extracellular, they are classified as non-penetrating (McDonald et al., 
2007; Meryman, 1971).  Intracellular cryoprotective compounds penetrate the cells and 
decrease large ice crystal formation by increasing intracellular viscosity (Gilkey and 
Staehelin, 1986; McDonald et al., 2007; Meryman, 1971); special considerations should 
taken when using these agents as they have the ability to alter cellular permeability 
properties (McDonald et al., 2007; Skaer, 1982) .  Non-penetrating cryoprotective agents 
are hydrophobic substances with low osmotic activity that protect samples by increasing 
the viscosity of extracellular water, which increases the heat capacity of water and 
thereby the cooling rate (Skaer, 1982).  To avoid internal cell disruption, the non-
penetrating agent 1-hexadecene (Sigma-Aldrich, Saint Louis, MO), was chosen. 1-
hexadecene is an inert, hydrophobic agent, with a low viscosity and surface tension  that 
may facilitate replacement of intracellular air through interactions with the specimen 
surface (Studer et al., 1989b).  In the same study Studer et al. (1989) showed that with 1-
hexadecene as the cryoptotectant, there was a 90-100% yield of cryoimmobilized 
samples.  This study also reported successful cryofixation of other biological samples 
when1-hexadecene was substituted for water.  Furthermore, 1-hexadecene has been 
reported to have no physiological effect on thick-walled plant and fungal specimens 
during several minutes of exposure (Hess, 2007; Studer et al., 1989b) and it has also 
been shown to permeate the intercellular air spaces in plant tissue (Kang, 2010).   
     Fluorescence microscopy is a useful tool in the localization of cellular structures and 
fluorescent protein expressing cells (Heim et al., 1995; Hernandez-Boussard et al., 2011; 
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Kirk et al., 2011; Luby-Phelps et al., 2003)  and in protein dynamic studies (Lee et al., 
2011; McDonald et al., 2011; Wong et al., 2012) as it permits identification and 
visualization of subcellular structures.  For instance, fluorescence recovery after 
photobleaching (FRAP) experiments have been employed to observe fluorescently 
labeled FtsZ protein dynamics in living A. thaliana, E. coli, B. subtilis, and 
Schizosaccharomyces pombe  (Johnson et al., in preparation) (Anderson et al., 2004; 
Ryder et al., 2011; Srinivasan et al., 2008; Stricker et al., 2002).  
     This research focuses on the assembly of FtsZ a tubulin-like cytoskeletal protein 
localized in the chloroplast stroma  (McAndrew et al., 2001).  The assembly of the FtsZ 
filaments into the so-called FtsZ ring is essential for chloroplast division (Osteryoung et 
al., 1998a; Osteryoung and Vierling, 1995; Stokes and Osteryoung, 2003).  There are 
many studies of FtsZ assembly in vitro, but the detailed structure of FtsZ filaments in 
vivo is not known.  Our approach is to use correlative imaging to identify FP-tagged 
FtsZ assemblies by fluorescence microscopy and then investigate the same assemblies 
by electron microscopy.  FtsZ-ring structure was investigated by cryo-EM tomography 
in a small bacterium (C. crescentus) (Li et al., 2007), but this approach is not directly 
applicable to plant tissues.  Even intact isolated chloroplasts are too thick (2-3 µm)to 
permit cryo-EM tomography at 200 kv acceleration voltage (results not shown).   
     Two routes were explored, chloroplast isolation and fractionation.  A report by 
Yoshida (2006) showed that it is possible to isolate functional FtsZ rings from 
chloroplasts of synchronized cultures of unicellular algae C. merolae (Yoshida et al., 
2006).  For plant leaf tissue, the procedure entails isolation of intact chloroplasts, lysis 
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and density gradient centrifugation to separate the fraction containing FP-tagged FtsZ 
assemblies.  The fraction containing FtsZ assemblies is then plunge-frozen on an EM 
grid and FP-labeled FtsZ assemblies are localized by cryo-fluorescence followed by 
cryo-EM tomography.  In the second approach, the leaf tissue is stabilized by chemical 
or physical means, dehydrated, embedded in resin and sectioned.  FtsZ assemblies are 
then correlatively studied in thin sections on an EM grid using fluorescence and electron 
microscopy.  In both approaches, it is essential to preserve the FtsZ assemblies.  These 
are highly dynamic structures undergoing rapid turnover of FtsZ molecules (Johnson et 
al., in preparation) and unfavorable preservation or isolation conditions lead to complete 
disassembly. The preparation protocol must also preserve the fluorescent protein signal 
and minimize the autofluorescence background. 
     In the experiments described here, the chloroplast isolation and fractionation 
approach was hampered by high autofluorescence background, low FP signal and low 
yield of isolated FtsZ assemblies.  Therefore, the second approach was pursued 
motivated by reports that a FP expressed in zebrafish embryos, S. cerevisiae, S. pombe, 
and MDCK cells continued to fluoresce after high pressure freezing, freeze substitution, 
and low-temperature embedding (Kukulski et al., 2011; Nixon et al., 2009).  Literature 
that employed these methods to retain fluorescence in Arabidopsis thaliana was not 
encountered.   Plant tissue poses a challenge due to its dense cell wall, large vacuole, and 
abundant air spaces explaining perhaps the overall paucity of literature on fluorescence 
visualization in freeze-substituted Arabidopsis thaliana tissue. This study presents a 
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cryo-fixation and embedding protocol that permits retention of specific attenuation of 
background autofluorescence and reservation of GFP antigencity.  
 
Results  
 
Whole-Mount Versus Chloroplast Isolation Approaches 
 
    When whole-mount tissue was subjected to cold microwave-assisted (CMA) fixation 
in the presence of 3% formaldehyde (w/v)/0.1% glutaraldehyde (v/v) and macerated on a 
microscope slide an abundance of FtsZ mini-ring assemblies were detected in the tissue 
(Figure 14A and 14B) but less than 1% of the FtsZ assemblies were released after this 
procedure.  Attempts to reproducibly and effectively lyse the chloroplasts causing a 
quantitative release of the remaining assemblies using chemical (Nonidet NP-40, Sigma-
Aldrich, Saint Louis, MO) and mechanical (sonication, razor blade, syringe) methods 
would have been desirable but were unsuccessful.  Autofluorescence did not pose a 
problem in tissue dehydrated in ethanol unless the ethanol concentration during 
dehydration exceeded 90%. In contrast, dehydration resulted in high autofluorescence 
and the lack of a detectable signal when 1% (w/v) paraphenylenediamine (PPD) which 
was used as a contrasting agent was added to ethanol during dehydration.  Dehydration 
in methanol (up to 90%), whether in the absence or presence of 1% PPD produced high 
autofluorescence in whole-mount samples.  Fixatives containing acrolein had high 
autofluorescence.  Since maceration was not effective in releasing Z-ring assemblies 
from chloroplasts, a different strategy was pursued which entailed the extraction and 
isolation of intact chloroplasts from homogenized leaf tissue.   In these isolates, 
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chlorophyll autofluorescence reduced the signal-to-noise ratio of the fluorescently 
tagged proteins beyond detection.  Additionally, since no protease inhibitors were 
incorporated into the isolation buffer, disassembly could account for the absence of 
detectable FtsZ filaments.  The different treatments and there outcomes vis-à-vis 
fluorescent signal generation for the fixed whole-mount samples and the isolated 
chloroplasts suspensions and are summarized in Table 4.  
 
 
 
 
Figure 14. Stability of FtsZ assemblies in chloroplasts.  Arabidopsis plants 
overexpressing AtFtsZ2-1-GFP show giant chloroplast phenotype and an easily 
noticeable FtsZ mini-ring localization pattern.  A) Intact leaf tissue.  B) Free-floating 
FtsZ assemblies (arrowheads) from chloroplast lysates in the vicinity of an isolated, 
intact chloroplast 15 min after maceration of the leaf. Scale bar = 10 µm. 
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Table 4.  The effect of fixatives, dehydration solvents and lyses procedures on 
fluorescent signals in chloroplasts. 
_____________________________________________________________________________________ 
Whole-Mount, Chemical Fixation   Autofluorescence   Tagged Protein  
      Background    Signal 
Treatment 
  3% FA/0.1% Glutaraldehyde   -    +++ 
  3% FA/0.1% Glutaraldehyde, OsO4  -    +++ 
  2.5% Glutaraldeyde + 1% acrolein  +++    -  
  Acrolein vapors + ethylene glycol   +++    - 
 
Dehydration 
  Ethanol     +    + 
  Ethanol + 1% PPD    +++    - 
  Methanol     +    - 
  Methanol + 1% PPD    +++    - 
  Methanol + Tannic Acid    +++    - 
_____________________________________________________________________________________ 
Isolated Chloroplast 
 
Control (Whole Leaf before Isolation)  +    +++ 
Treatment 
  Unlysed chloroplasts    +    ++  
  NP-40 + OG     +++    - 
  Hypotonic Buffer    +++    - 
  Sonicator     +++    - 
  3% FA/0.1% Glutaraldehyde/0.1% Tannic Acid +++    - 
_______________________________________________________________________ 
(-) = none; (+) = low; (++) = medium; (+++) = high 
 
 
Optimization of HPF-FS-Embedding Protocols 
 
    To maintain fluorescence and to preserve ultrastructure in the tissue, it was necessary 
to optimize a HPF-FS-embedding protocol for both the conventional FS and the QFS 
methods (see Materials and Methods).  The tissue was pre-screened prior to HPF to 
verify expression of the AtFtsZ2-mYFP protein fusion in chloroplasts of live cells. While 
HPF is an important first step in the preparation of samples, additional measures are 
crucial to guarantee that the fluorescent signal is not quenched, that autofluorescence 
does not pose a problem, and that the quality of ultrastructural preservation is sufficient 
 57 
for localization of subcellular structures.  The use of a cryoprotectant for instance 
(Figure 15) is necessary in order to minimize trapped air, which can act as insulator and 
impede freezing efficiency (Dahl and Staehelin, 1989).  By soliciting 1-hexadecene as a 
cryoprotectant, the freezing efficiency was further enhanced by virtue of its beneficial 
physicochemical properties that lower the temperature of homogenous ice nucleation, 
raise the recrystallization point, and remove nuclei for crystallization.  In addition, 1-
hexadecene’s hydrophobic nature and low osmotic activity allow it to “bind” (structural) 
extracellular water which prevents it from crystallizing during HPF (Gilkey and 
Staehelin, 1986; Lippincott-Schwartz et al., 2003; McDonald et al., 2007).  Electron 
micrographs from HPF and FS Arabidopsis tissue indicated that 1-hexadecene did not 
act as a barrier to penetration of the freeze substitution as was previously observed 
(Studer et al., 1989a). However, after HPF, it was crucial to rapidly (6-8 s) transfer the 
sample from the HPF device to LN2 to ensure that the frozen samples do not warm prior 
to freeze substitution (FS). 
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Figure 15.  The chemical structure of 1-hexadecene. Reprinted with permission from 
Chemspider [Internet]. London (UK): Royal Society of Chemistry, Available from: 
www.chemspider.com/ 
 
 
     FS is a critical step in the preparation of samples for investigation at the light and 
electron microscope levels.  During  FS, a frozen aqueous solvent is substituted for an 
organic solvent at temperatures that range from -80 ºC to -95 ºC (Muller, 1980). The 
organic solvent (i.e. methanol, acetone, ethanol) usually contains a contrasting agent (i.e. 
osmium tetroxide, uranyl acetate, tannic acid) which enhances the visualization and 
analysis of intracellular components (Giddings, 2003; Kang, 2010; Kukulski et al., 2011; 
McDonald et al., 2007; Muller, 1980).  Acetone was the organic solvent of choice as 
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methanol could result in the extraction of lipids during freeze substitution  (McDonald, 
1994).  In one study methanol extracted 15-45% of the cells lipid content during freeze 
substitution while acetone extracted only 5% of cellular lipids under the same freeze 
substitution conditions (Weibull, 1984).  Acetone was also shown to extract fewer lipids 
from cells than either ethanol or methanol in a 1:1 mixture with Lowicryl HM20 
(Weibull, 1986).  To guarantee the exclusion of water from the samples (McDonald et 
al., 2007) fresh bottles of acetone were used throughout the study.  FS can be carried out 
using  commercially available FS equipment or in a homemade device consisting of a 
Styrofoam® box containing dry ice and a table top shaker (McDonald and Webb, 2011).   
     Optimization of the HPF-conventional FS-Lowicryl HM20 procedure resulted in the 
retention of a fluorescent signal in FtsZ-mini-rings (arrowheads) located within the 
chloroplast (Figure 16C) of a semi-thin section of fixed leaf tissue (Figure 16B) albeit 
less intense than the signal observed in live leaf tissue (Figure 16A).  The signal is 
generated by FtsZ2-mYFP assemblies that were not quenched during fixation.   These 
assemblies will be further examined using correlative microscopy to unravel the 
ultrastructure of the chloroplast division ring. Although this conventional FS procedure 
was successful at maintaining fluorescence, it may not be practical for use in all 
laboratories because it requires a lengthy infiltration time, a large volume of LN2 and the 
use of special FS equipment.  In an effort to create a more time-and-cost effective 
protocol, we adapted the QFS protocol developed by McDonald et al. (2011).  This 
entailed using a 4% (w/v) UA/acetone FS solution and infiltrating the sample gradually 
in LR White/acetone (Table 5).  Under these conditions, semithin (300 nm) tissue 
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sections revealed fluorescently labeled FtsZ assemblies (Figure 16D) within chloroplasts 
(Figure 16E). The lack of chloroplast localized FtsZ assemblies in semithin sections of 
untransformed tissue (Figure 16F and 16G) which serves as a negative control, indicate 
that the signals observed within the samples were from the FtsZ2-mYFP fusion protein 
within the chloroplasts.  A QFS-rapid infiltration procedure (Table 5) that was employed 
prior to the QFS-gradual infiltration protocol failed to produce any florescent signal 
(data not shown).  For the QFS protocol, a typical QFS warming curve was generated, 
which shows the warming rate of the samples (Figure 17).  
 
Discussion 
 
HPF-FS-Embedding and Fluorescence Preservation 
     We have shown by light microscopy that a fluorescent signal can be maintained in 
transgenic Arabidopsis tissue sections that have been fixed using HPF-FS-embedding 
(low and high temperatures) protocols developed in our laboratory. To the best of our 
knowledge, this if the first report a FP signal in A. thaliana after HPF-FS-Lowicryl 
HM20 embedding and after HPF-FS-LR White embedding. The results are significant 
for several reasons. First, they prove that the cumbersome procedures involved in our 
HFP-FS-embedding protocol were successful in penetrating the thick cell wall of the 
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Figure 16. Fluorescence localization of mYFP-tagged FtsZ protein in leaf chloroplasts 
in whole-mount live tissue and in resin sections after high pressure freezing and freeze 
substitution. (A) Confocal fluorescence image of live leaf tissue. Green = FtsZ-mYFP, 
red = chlorophyll autofluorescence delineating the shape of the chloroplast. (B) FtsZ-
mYFP fluorescence in a semi-thin section after HPF and conventional FS, embedding in 
Lowicryl HM-20. (C) the same micrograph with contrast and brightness adjusted to 
show the weak fluorescence background indicative of chloroplast shape. (D) FtsZ-mYFP 
fluorescence in a semi-thin section after HPF-QFS, embedding in LR White.  (E) Same 
as in C, showing chloroplast shape. (F)  Negative control -  tissue from a null mutant 
plant lacking FtsZ2, processed by HPF – QFS, embedded in LR White. YFP 
fluorescence channel. (G) Same as in F, showing chloroplast shape. Scale bars 5 µm in 
(A) and 2 µm in B-G. Arrows indicate FtsZ2-mYFP mini-ring assemblies.  
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Figure 17.  QFS warming curve of high pressure frozen tissue.  Samples were freeze 
substituted in a LN2 cooled heat block that was placed in a foam box on a shaker until 
they reached room temperature.  Warming time was 300 minutes.  The small kink at -65° 
C is not representative of any interruptions during the warming phase.   
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plant tissue and fixing and the organelles without deleterious effects.  Second, it 
confirms earlier reports (Dahl and Staehelin, 1989; McDonald et al., 2007; Studer et al., 
1989b) that the 1-hexadecene is an effective cryoprotective agent for HPF and it is 
shows that the use 1-hexadecene does not quench fluorescence of the fluorophores.  
Third, the results of this research have paved the way for in vivo correlative LM-EM 
studies aimed at elucidating the ultrastructure of Z-ring within chloroplasts.  Finally, the 
protocols developed here can be applied to multiple biological systems.                                             
    Our decision to use HPF was guided by current literature which reports that 
instantaneous cryoimmobilization of samples preserves organelles and other cellular 
components by instantaneous stabilization (Gilkey and Staehelin, 1986) in a manner that 
has been proven  to be superior to chemical fixative (Kellenberger, 1987).  This 
reproducible procedure minimizes crystal formation by lowering the freezing point of 
water, by reducing the  ice crystal nucleation rate and by retarding ice crystal growth 
(Dahl and Staehelin, 1989).  This stabilization effect was further enhanced by the 
inclusion of 1-hexadecene.  Studer et al. (1989) reported 1-hexadecene greatly improved 
the yield of well-embedded samples when used in conjunction with the FS organic 
solvent acetone, due to the fact that it is has better solubility on acetone (Studer et al., 
1989b).  Hohenberg et al. (1994) claimed that 1-hexadecene is not soluble in acetone at 
FS temperatures, and proposed that unless physically removed 1-hexadecene could 
create a barrier to substance exchange during FS. (Hohenberg et al., 1994) did not 
provide any experimental data or references to support these claims. In contrast, Studer 
et al. (1989) provided experimental evidence showing that 1-hexadecene has better 
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solubility in acetone during FS than water. The research findings presented here confirm 
that 1-hexadecene is soluble in acetone and refute the assertions of Hohenberg.     
The Effects of the FS Media and the Embedding Media on Fluorescence 
     Since HPF immobilizes samples in their native state, autofluorescence did not pose a 
problem during this portion of the fixation procedure.  Acetone is effective at 
dehydrating  and maintaining ultrastructure in an assortment of chemically fixed 
samples,  as it minimizes protein extraction and membrane stripping (Weibull, 1986; 
Weibull, 1984) .  Among the limited number of studies of this nature, uranyl acetate 
dissolved in acetone is a recently accepted FS media for retaining fluorescence in HPF 
tissue, as evidenced by its use by Kukulski (2011) and in this study.  The present results 
showed that it neither increased autofluorescence nor quenched FP fluorescence.  The 
findings of another study that the FP fluorescence in zebrafish embryos survived ethanol 
dehydration are consistent with our findings that fluorescence in whole-mount tissue was 
retained after dehydration (Luby-Phelps et al., 2003) in ethanol albeit at low levels 
(Table 4).  Based on these results, it can be concluded that increased autofluorescence 
attributed to ethanol dehydration diminished but did not prevent signal detection. 
Additionally, the findings of this research which show that fluorescence was maintained 
in samples infiltrated using either Lowicryl HM20 or LR White is consistent with those 
others.  The HPF-FS-embedding methods described here, provide a basis for studying 
tissue in a natural state and have the potential to produce valuable knowledge about 
biological processes and structures.    
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Materials and Methods 
 
Plant Material and Growth 
 
     All A. thaliana plants used in the experiments were in the ecotype Columbia (Col-O) 
background.  All seeds were sown on Redi-Earth (SunGro Horticulture, Bellevue, WA).  
The pots were covered with a humidity lid and stratified at 6º C for 72 hours.  
Afterwards the pots were transferred to a rooftop greenhouse and grown at a temperature 
of 72 ºC and a relative humidity of 62%.  
    An AtFtsZ2-mYFP transgene was created in our laboratory by cloning and inserting 
FtsZ2-1cDNA (NM_129183) into a plant transformation vector in front of a mYFP 
(Zacharias et al., 2002).  Afterwards, Agrobacterium-mediated transformation of 
Arabidopsis wild-type plants with either AtFtsZ2-mYFP or AtFtsZ2-GFP (Vitha et al., 
2001) and selection of the herbicide resistant plants was performed as previously 
described (Clough and Bent, 1998; Osteryoung et al., 1998a).   For experiments 
described here, we chose transgenic plants with high expression levels of the FtsZ-FP.  
These plants show an abundance of FtsZ mini-ring assemblies that are easily identified 
in the microscope.   
Microscopy 
 Laser scanning confocal microscopy of fluorescently tagged FtsZ proteins in 
Arabidopsis leaf tissue was performed using an Olympus FV1000 confocal microscope 
equipped with a 60x/1.2 water immersion objective and lasers appropriate for the 
fluorescent proteins (405 nm for mCFP, 488 nm for GFP and mYFP). Prior to imaging a 
drop of perfluorodecalin (Littlejohn et al., 2010) was placed on a piece of young leaf 
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tissue  to remove air pockets that compromise optical quality from intercellular spaces.  
Sections from resin-embedded tissue were viewed using a 100x/1.4 oil immersion 
objective. 
Chloroplast Isolation without Fixatives 
     Chloroplasts were isolated from 3-4 week old Arabidopsis plant tissue that was 
prescreened for the presence of a fluorescent signal.  Plant material was kept at 4 °C 
during the isolation procedure.  Plants were homogenized for 7-10 s using a polytron 
(Kinematica PT10-35) with a small rotor set at approximately 40% of the maximum 
speed in 10 ml of chloroplast isolation buffer (0.3M sorbitol, 5mM MgCl2, 5mM EGTA, 
5mM EDTA, 20mM HEPES/KOH, ph 8.0, 10mM NaHCO3) in  50 ml beaker.  The 
homogenate was filtered through a double layer of Miracloth (Calbiochem, Billerica, 
MA) into a falcon tube. The plant material in the Miracloth was returned to the beaker, 
washed with 20 ml of fresh chloroplast isolation buffer and filtered again through fresh 
Miracloth.  The homogenate was centrifuged at 1000xgmax for 5 min (brake on) and 
resuspend the pellet in 350 µl of isolation buffer.  An aliquot of the isolated chloroplasts 
was removed and checked for fluorescence on the confocal microscope.   The remainder 
of the chloroplast suspension was loaded onto a two-step Percoll gradient which was 
prepared as described (Aronsson and Jarvis, 2002) and centrifuged in a swing-out rotor 
at 1500xgmax for 10 min (brake off).  The intact chloroplasts were removed from the 
gradient using a glass pipette and added to 30 ml of HS buffer (50mM HEPES, 0.3M 
Sorbitol) and inverted several times to wash off the Percoll.  After centrifuging the 
washed suspension in a swing-out rotor at 1000xgmax for 5 minutes, the supernatant was 
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decanted and the chloroplast remained in the tube.  An aliquot was removed and viewed 
using phase contrast microscopy to verify chloroplast intactness.  Next, the intact 
chloroplasts were aliquoted into three different test tubes. One tube of samples was lysed 
via syringe aspiration.  Another sample was incubated in 0.2% Nonidet for 30 min on 
ice, 100mM n0octyl-β-D-glycopyranoside (OG) in PBS for 20 min on ice, layered onto a 
40% percoll gradient and centrifuged at 13,200xgmax for 20 min in a swing-bucket rotor.  
The insoluble fraction was removed and washed in sucrose free isolation buffer by 
centrifuging at 7700xgmax  for 10 minutes. The last aliquot was isolated in a hypotonic 
isolation buffer solution. 
Chloroplast Isolation with Fixatives 
    Plant tissues were sampled from 3-4 week old Arabidopsis plants that were 
prescreened for the presence of a fluorescent signal using the Zeiss Axiophot 
microscope.  Leaves were extracted from the plant and placed into chloroplast isolation 
buffer (20mM Tris-HCl pH 7.5, 5mM MgCl2, 5mM KCl, 5mM EGTA) adapted from 
Yoshida et al. (2006) containing fixative (1% glutaraldehyde, 4% formaldehyde).  
Leaves were cut into small pieces and processed in the PELCO Biowave Pro Laboratory 
Tissue Processing System equipped with a Cold Spot temperature control system at 25 ° 
C and 250 watts for 30 min (2 min on, 2 min off, 2 min on).  The tissue was checked for 
the presence of a fluorescent signal prior to being dividing into 5 separate tubes.  Four of 
the samples were subjected to one of the following one-minute microwave dehydration  
protocols (1) a graded series of 10%- 90% ethanol containing 1 % (w/v) 
paraphenylenediamine (PPD) (2) a graded series of 10%- 90% methanol containing 1 % 
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(w/v) paraphenylenediamine (PPD) (3) a graded series of 10%- 90% ethanol (4) a graded 
series of 10%- 90% methanol.  The fifth sample was placed on a piece of the fixed tissue 
on a microscope slide containing a drop of isolation buffer without fixative and macerate 
with a razor blade before covering with a coverslip and view using the Axiophot light 
microscope.   
     Additional chloroplast isolation procedures used the isolation buffer described in the 
preceding paragraph with the following modifications (a) add 300mM D-sorbitol plus 
3% formaldehyde and 0.1 % (v/v) glutaraldehyde  (b) add 300 mM D-sorbitol  + 2.5% 
(v/v) glutaraldehyde + 1% (v/v) acrolein + 1% (w/v) tannic acid (c).  Some of the plant 
material was also subjected to an anhydrous preparative protocol that consisted of 
exposure to acrolein vapors and overnight incubation in ethylene glycol. 
High Pressure Freezing 
     3-4 week old transgenic tissue was prescreened using a laser scanning confocal 
microscope for the presence of a fluorescent signal prior to high pressure freezing.  A 
small piece of leaf tissue from either a plant expressing a fluorescently labeled FtsZ2 
protein or from a wild-type plant was extracted from the base of young (20-30 mm) 
leaves of Arabidopsis thaliana plants using either a 2-mm-diameter biopsy punch 
(Miltex) or a scalpel and loaded into a Type B 0.3mm deep specimen carrier 
(Technotrade, Manchester, NH) filled with the cryoprotectant, 1-hexadecene.  The filled 
specimen carrier was covered with the flat side of another specimen carrier.  
Subsequently, the specimen carrier sandwich was immediately loaded into a specimen 
carrier holder, inserted into the Wohlwend Compact 01 HPF machine (Technotrade, 
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Manchester, NH) and cryoimmbolized at -190 °C under 2045 bar of pressure. 
Afterwards, the specimen holder was rapidly removed from the HFP machine and 
plunged in a LN2 filled chamber.  The specimen carriers containing the frozen hydrated 
samples were transferred under LN2 to the pre-chilled cryovials using pre-cooled 
tweezers and stored in LN2 until further processed. 
Conventional Freeze Substitution 
     Scalpel-extracted HFP samples were used for this method of freeze substitution (FS).  
The freeze substitution solution used on the HFP samples was 4% (w/v) uranyl acetate 
dissolved in glass-distilled acetone (EMS, Hatfield, PA) that was opened immediately 
prior to use.  The freeze substitution procedures are outlined in Table 5.  
Quick Freeze-Gradual Substitution 
    This QFS method is a modification of the protocol that was first described by 
McDonald and Webb (2011). A heater block was cooled by LN2 in a Styrofoam® 
shipping box.   2-mm-dimater HPF leaf disks were transferred to LN2 cooled cryovials 
containing a freeze substitution media composed of 4% (w/v) uranyl acetate in freshly 
opened glass-distilled acetone. The cryotubes and datalogger probe (Lascar, Erie, PA) 
were placed in the center rows of the LN2 submerged heat block and the heat block was 
transferred to a Styrofoam® box (McDonald, personal communication).  The box was 
placed on a rotary shaker set to 121 rpm and allowed to shake until the temperature on  
 
 
 
 70 
Table 5.  Conventional, QFS-rapid, and QFS-gradual tissue fixation procedures. 
_______________________________________________________________________ 
Conventional    QFS-rapid       QFS-gradual 
_______________________________________________________________________ 
 
Freeze Substitution    Freeze Substitution      Freeze 
Substitution 
(4%UA/Acetone)   (4%UA/Acetone)      (4%UA/Acetone) 
– 90 °C (76 h)    – 169 °C to 23 °C (76 h)     – 169 °C 23 °C 
(76 h)  
– 45 °C (30 h) 
 
Infiltration (-25 °C)   Infiltration (25 °C)       Infiltration (25°C) 
(Lowicryl-HM20/acetone)  (LR White/Acetone)      (LR 
White/Acetone) 
 
10% (6 h)     25% (1 h)       10% (13 h) 
25% (16 h)    50% (2 h)       20% (3 h) 
50% (7.5 h)    75% (4 h)           30% (2 h) 
75% (14.5 h)    100% (1 h)       40% (19 h) 
100% (6.5 h)    100% (15 h)       50% (2 h) 
100% (19 h)    100% (1 h)       60% (2 h) 
  
100% (7 h)                70% (3 h) 
             80% (1 h) 
              90% (1 h) 
             100% (15 h) 
             100% (2 h) 
             100% (2 h) 
         
UV Polymerization   Embedding      Embedding  
  
– 45 °C (48 h)    60 °C (24 h)      60 °C (24 h)   
20 °C (48 h) 
______________________________________________________________________ 
 
 
the datalogger reached room temperature (Figure 18).  Afterwards, the samples were 
removed from the shaker and the datalogger was stopped.  The samples were rinsed in 
pure acetone, and infiltrated as described in Table 5.  
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Sectioning 
     Thick sections (300nm) that were cut on a Reichert-Jung Ultracut E microtome 
equipped with a diamond knife and mounted onto silane-coated microscope slides for 
light microscope viewing and thin sections (80 nm-100 nm) that were also cut under the 
same conditions mentioned above  were picked up on uncoated nickel grids prior to 
electron microscope viewing. 
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Figure 18. Cryovial set up QFS and SQFS. (a) Cryovials are laid horizontally on an 
aluminum block in liquid nitrogen that is just below the level of the top of the block. 
Frozen specimens are transferred in the liquid nitrogen vapour phase to avoid trapping 
liquid in the cryovial. (b) A layer of dry ice pellets about 1 cm thick is put in the bottom 
of an ice bucket. (c) The heater block with sample cryovials and temperature probe 
(attached to the wire) is transferred from liquid nitrogen to the dry ice bucket and 
arranged so that the vials are nearly horizontal. (d) More dry ice is added around the 
block. If more rows are filled, then more dry ice can be added. The complete working 
set-ups: (e) At UCB, an ice bucket is used to hold the dry ice, block and samples. A lid is 
used during actual processing. (f) At UQ, a smaller shipping container is used, as well as 
a smaller platform shaker. Here the lid is shown, although for the SQFS procedure it is 
not used. For scale information, the datalogger is the same in both figures and is 18 cm 
long from end-to-end. Reprinted with permission from John Wiley and Sons (McDonald 
and Webb, 2011). 
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CHAPTER IV 
USING CORRELATIVE MICROSCOPY TO EXPLORE FTSZ ASSEMBLY 
 
STRUCTURE 
 
 
 
Introduction 
 
     Correlative light and electron microscopy facilitates the visualization of cellular 
processes in a myriad of biological systems (Brown et al., 2009; Buser and McDonald, 
2010; Jahn  et al., 2009; Kukulski et al., 2011; Luby-Phelps et al., 2003; McDonald, 
2009; Mironov and Beznoussenko, 2009; Muller-Reichert et al., 2007; Nixon et al., 
2009; Robinson and Takizawa, 2009). Merging microscopic approaches to increase 
analytical capability permits the (i) investigation of dynamic cellular events, (ii) 
identification and visualization of protein structural design and (iii) elucidation of 
organelle morphology as this information has the potential to answer many important 
cell biology questions.   Visualization of a fluorescent signal using light microscopy and 
preservation of the ultrastructure are prerequisites for correlative microscopy.  A 
protocol that meets these requirements through the use of high pressure freezing (HPF)-
freeze substitution (FS)-embedding and sectioning was established (see Chapter III).    
     HPF cryoimmobilizes samples in a native-like state while minimizing ice crystal 
formation and artifact distortions (Gilkey and Staehelin, 1986; Nicolas, 1991; Robards 
and Sleytr, 1985) prior to subsequent FS which exchanges cellular water for an organic 
substance and low temperature embedding in Lowicryl HM20 which is characterized by 
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a good structural preservation and its compatibility with immunolabeling (Nixon et al., 
2009).  
      Chloroplasts are abundant in the leaf mesophyll of higher plants like A. thaliana and 
green algae where they divide via binary fission to maintain homeostatic levels and 
produce smaller chloroplasts capable of responding to environmental factors (Jeong et 
al., 2002; Leech et al., 1981; Osteryoung and Nunnari, 2003; Possingham and Lawrence, 
1983).  Filamentation temperature sensitive Z (FtsZ) protein is a filament-forming 
tubulin homolog of prokaryotic origin that localizes to the division site (Bi and 
Lutkenhaus, 1991) and initiates a cascade of events associated with binary fission in 
bacteria, higher plants and green algae.  For normal chloroplast division, two 
endosymbiosis derived functionally non-redundant protein coding FtsZ gene families 
(FtsZ1 and FtsZ2) (Miyagishima et al., 2004; Stokes and Osteryoung, 2003) are 
necessary (Osteryoung et al., 1998a; Schmitz et al., 2009; Yoder et al., 2007).  FtsZ1 
contains one family member (FtsZ1-1) and FtsZ2 contains two functionally redundant 
family members (FtsZ2-1 and FtsZ2-2) (Schmitz et al., 2009).  At the onset of division, 
FtsZ1-1 co-localizes mid-chloroplast with FtsZ2-1 to form the Z-ring (Vitha et al., 
2003).  The interactions between FtsZ-ring proteins and other accessory proteins such as 
ARC3(Maple et al., 2007)  and ARC6 (Vitha et al., 2003) are instrumental in the 
formation of the complex division machinery.  Although functional information about 
the division proteins has contributed to an improved understanding of the division 
machinery, there is a paucity of structural information as it relates to these proteins in 
chloroplasts.   
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     Studies with bacterial FtsZ show that under different experimental conditions of in 
vitro assembly, FtsZ can assemble into rings, sheets, or tubular structures (Erickson et 
al., 1996; Redick et al., 2005). It is crucial to ask which, if any, of these structures are 
present and relevant in vivo. Standard fluorescent microscopy imaging provides limited 
resolution of only 200-300 nm. High resolution electron microscopic imaging of FtsZ 
assemblies in situ remains elusive or is limited to cryo-electron tomography of small 
bacteria (Li et al., 2007) as this is not straight forward with thick leaf tissue. To answer 
this question, we employed a sample preparation protocol that was devised that 
maintains the fluorescence of mYFP after embedding and thin sectioning of Arabidopsis 
leaf tissue, and also preserves the tissue ultrastructure permits transmission electron 
microscopic detection of FtsZ filaments.  This research presents a correlative light 
microscopy (LM)-electron microscopy (EM) method that allows light-based imaging of 
FtsZ2-mYPF fluorescent fusion proteins by confocal microscopy, super-resolution 
microscopy, and EM-based imaging of the FtsZ-ring ultrastructure within the chloroplast 
of Arabidopsis thaliana. This research shows for the first time the in vivo ultrastructure 
of FtsZ in plants expressed at near wild-type levels. 
  
Results 
Visualization of in vivo FtsZ Assemblies in Chloroplasts Using Light Microscopy 
    A critical step in the use of multiple modalities for fine structure analysis is the 
maintanence of a fluorescent signal in the transgenic tissue.  Therefore, fluorescence 
microscopy was used to visualize filaments, and punctate structures in leaf tissue from a 
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transgenic line overexpressing FtsZ2-mYFP (Figure 19C).  The puncta were clearly 
resolved as circular structures with a mean diameter of 202 ± 66 nm (Figure 19A and 
19B) using super-resolution fluorescence imaging based on structured illumination (on 
an  OMX microscope (Applied Precision, Inc., Issaquah, WA)). Leaf tissue samples 
were then processed by HPF, FS and resin embedding. These correlative microscopy 
results are significant as they provide details of the puncta that would not be possible 
through the sole use of one type of microscopic approach.   
Fine Structure of the Chloroplasts FtsZ Assemblies 
    Immunolabeled tissue sections were visualized at the EM level and the diameters of 
the easily discernible linear and circular structures were measured (Figure 20A).   The 
measurements revealed that the diameters of the linear filaments varied over a wide 
range.  A bimodal distribution histogram was created by plotting the frequency of 
occurrence vs. diameter (Figure 20B).  A major peak ranging between 11 and 14 nm and 
the minor peak at 3-5 nm were observed in the graph. The major peak tallies were well 
with the diameters reported for in vitro filaments (Smith et al., 2010) while the smaller 
peak may have been created by  a breakdown of filaments into protofilaments.  Although 
measurements of the circular structures were highly variable, the average overall 
diameter of the rings were 183  50 nm which is in excellent agreement with the 
diameter determined by superresolution fluorescence microscopy (Figure 19B). The 
average filament diameter in the EM micrographs within the ring structures measured 
11.3  0.6 nm, which is suggestive of the type-II in vitro filaments observed earlier 
(Smith et al., 2010) especially when taking a closer look at the appearance of these 11-
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nm in vivo filaments as highlighted in Figure 20C.   Together, these data are very 
encouraging and present the first in vivo - in vitro correlation for FtsZ in higher plants to 
date.   
 
 
 
Figure 19. Correlative microscopy of  FtsZ2-1-mYFP assemblies in Arabidopsis 
chloroplasts. A) Super-resolution fluorescence micrograph resolves small FtsZ circular 
assemblies (mini-rings) in fixed leaf tissue.  Inset: The mini-ring diameter is measured as 
a peak-to-peak distance in a line intensity profile across the ring.  B) Mini-ring size 
distribution, n=170. C) Conventional micrograph of FtsZ2-mYFP fluorescence in a thin 
section from a leaf after high-pressure freezing, freeze substitution and resin embedding. 
Red color denotes the shape of the chloroplast. 
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Figure 20. Ultrastructure of FtsZ2-1-mYFP assemblies. A) Depicts circular FtsZ 
assemblies at the electron microscopy level (highlighted by arrows). 12 nm gold 
particles are highlighted by arrowheads. B) Distribution of filament thickness; n=52. C) 
Electron micrograph of a single linear filament (arrow) at higher magnification. 
 
 
Bundling Patterns of the Z-ring 
 
     Electron tomography (ET) methods were used to learn more about the bundling 
patterns of the Z-ring assemblies that were visualized at the LM and EM levels.  ET is 
applicable for imaging in situ subcellular components in biological systems and for 
determining 3D structures of those components using multiple projections (Lucic et al., 
2005; McIntosh et al., 2005) by tilting the specimen relative to the incident electron 
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beam.  Using this technique, it was possible to retrieve high-resolution information of 
the FtsZ-ring structure in its native environment (Figure 21). The Z-ring appears to be 
composed of several (2-3) laterally arranged protofilaments.  To take full advantage of 
this technique, components of interest must be identified and segmented which can be 
challenging especially in densely packed cellular environments. In order to overcome the 
inherently low contrast of biological specimens, UA was incorporated into the FS media 
as a contrasting agent.  
 
 
 
Figure 21. 0° tilt projection of an electron tomographic data set using scanning 
transmission electron microscopy. 
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Discussion 
 
Exploring FtsZ Assembly Structures with in situ Correlative Microscopy 
     Recently, the in vivo length and curvature of FtsZ protofilaments in Caulobacter 
crescentus was deciphered using cryotomography reconstruction (Li et al., 2007). 
However, until this research, the macromolecular structure and assembly organization of 
FtsZ-ring subunits in both plants and bacteria had not been unraveled.  The structure of 
the in vitro FtsZ assemblies generated and imaged using electron microscopy was 
validated by employing correlative LM-EM microscopy to observe and image in vivo 
assemblies. 
3D Reconstruction of Electron Tomograms 
     EM3D software for electron microscope tomography (Stanford, CA) segmentation 
software will assist in the “isolation” of the filaments from their noisy surroundings and 
in the creation of stacks of individual slices that will be used to construct a 3D model of 
the Z-ring. The electron dense anti-GFP gold particles used for immunolabeling (Figure 
20A) also served as fiducial markers during the alignment processes is necessary for 3D 
reconstruction.  Segmentation analyses of stacks are currently being conducted.   
     In the context of this research, LM-EM correlative microscopy was employed to 
study the FtsZ-ring in fixed A. thaliana tissue sections.  This correlative method and the 
specimen preparation protocols leading up to these studies offer many advantages for 
cell biology because they are universally applicable to other biological systems.  
 
 
 81 
Materials and Methods 
 
Plant Material and Growth 
 
     All A. thaliana plants used in the experiments were in the ecotype Columbia (Col-O) 
background.  All seeds were sown on Redi-Earth (SunGro Horticulture, Bellevue, WA).  
The pots were covered with a humidity lid and stratified at 6 ºC for 72 hours.  
Afterwards the pots were transferred to a rooftop greenhouse and grown at a temperature 
of 72 ºC and a relative humidity of 62%. The lids were removed after 5 days and the 
plants were grown for 4 weeks and watered as needed.   
Plasmid Constructs 
      The complementation construct mYFP obtained from Dr. Roger Tsien’s Lab 
(University of California, San Diego) were amplified by PCR using primer 5’-
GATGACTAGTAAGGGCGAGGAGCTGTTC (forward) containing a 5’ SpeI site and 
5’-AAATGTTTACTTGTACAGCTCGTCCATGC (reverse) containing a 3’ STOP 
codon, cloned into pBluescript plasmid and sequenced to confirm that no PCR errors 
were introduced into the coding sequence.  The mYFP were excised using a SpeI-PstI 
double digest and cloned into SpeI-PmlI digested site in the plant transformation vector, 
pCAMBIA_BAR 1302 which carries glufosinate ammonium resistance. This produced 
vectors for C-terminal tagging with mYFP.   
Construction of the AtFtsZ-mYFP Transgene 
     The AtFtsZ2cDNA sequence was also amplified by PCR using primers 5’- 
GCATGAATTCTCAGCACCGTAAATGTAGC (forward) and 5’-
ATAGGATCCTGGACTCGGGGATAACGAG (reverse) to create an EcoRI forward 
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restriction site (underlined) and a BamHI reverse restriction site (underlined).  The ~2.8-
kb AtFtsZ2 amplicon were inserted in front of the mYFP in the tagging vector.  The 
transformant was sequenced to confirm that no PCR errors were introduced into the 
coding sequence and to confirm that the insert was in frame with the mYFP coding 
sequence.   
Plant Transformation 
     The FtsZ2-mYFP construct was introduced into plants via Agrobacterium-mediated 
transformation as described (Clough and Bent, 1998) followed by germination of T1 
seedlings on soil . T1 seedlings were sprayed three times (7, 10, 16 days) with 
glufosinate herbicide containing 120 mg/liter glufosinate ammonium as the active 
compound. Leaves from the surviving plants were visualized using fluorescence 
microscopy.  
Microscopy 
 Laser scanning confocal microscopy of fluorescently tagged FtsZ proteins in 
arabidopsis leaf tissue was performed using an Olympus FV1000 confocal microscope 
equipped with a 60x/1.2 water immersion objective and lasers appropriate for the 
fluorescent proteins (405 nm for mCFP, 488 nm for GFP and mYFP). Prior to imaging a 
drop of perfluorodecalin (Littlejohn et al., 2010) was placed on a piece of young leaf 
tissue  to remove air pockets and improve image quality.   
    HPF-FS-processed samples were viewed in a FEI Tecnai™ G2 F20, equipped with a 
field emission gun (FEG) and a Fischione (Export, PA) ultra-high resolution STEM high 
angle annular dark field (HAADF) detector. STEM tomography data were acquired 
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using the FEI Xplore3D™ program and processed and reconstructed in FEI Inspect 3D.  
The results were rendered using Amira® (San Diego, CA).  
High Pressure Freezing 
     All transgenic tissue was prescreened using a laser scanning confocal microscope for 
the presence of a fluorescent signal prior to high pressure freezing.  A small piece of leaf 
tissue from either a plant expressing a fluorescently labeled FtsZ2 protein or from a 
wild-type plant was extracted from the base of young (20-30 mm) leaves of Arabidopsis 
thaliana plants using either a 2mm biopsy punch (Miltex) or a scalpel and loaded into a 
Type B 0.3mm deep specimen carrier (Technotrade, Manchester, NH) filled with the 
cryoprotectant, 1-hexadecene (Sigma-Aldrich, Saint Louis, MO).  The filled specimen 
carrier was covered with the flat side of another specimen carrier and immediately 
loaded into a carrier holder, prior to insertion into a Wohlwend Compact 01 HPF 
instrument (Technotrade, Seenwald, Switzerland) and cryoimmbolized. Afterwards, the 
specimen holder was rapidly removed from the HFP machine and plunged into LN2.  
Specimen carriers containing the frozen hydrated samples were transferred under LN2 to 
the pre-chilled cryovials using pre-cooled tweezers and stored in LN2 until further 
processed. 
Conventional Freeze Substitution 
     Scalpel extracted HFP samples were used for this method of freeze substitution (FS).  
The freeze substitution solution used on the HFP samples was 4% (w/v) uranyl acetate 
dissolved in glass-distilled acetone that was opened immediately prior to use.  
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     The samples were freeze substituted at -90 ºC for 76 hours using a Reichert-Jung FS 
machine.  Optimization of the protocol revealed that longer FS times were necessary to 
overcome the barrier created by the thick cell wall of the plant tissue.  This time is 
consistent with freeze substitution times used by others on thick wall samples (Otegui 
and Staehelin, 2004).   The temperature was raised to -45 ºC (5 ºC/hour) and samples 
were held at this temperature for 30 h before being washed 3 times for 10 minutes in 
acetone.  The samples were infiltrated with increasing concentrations of  Lowicryl HM-
20 in acetone (10% for 6 h, 25% for 16 h, 50% for 7.5 h, 75% for 14.5 h while raising 
the temperature to -25 ºC in increments of (5 ºC/hour).  Incubation in low concentrations 
of resin is beneficial as it reduces separation of the cytoplasm from the cell wall and 
facilitates resin infiltration into the cell wall (Kang, 2010).  Three 100% Lowicryl-HM-
20 changes occurred after 6.5 h, 19 h, and 7 h.  Afterwards the temperature was lowered 
to -45 ºC in increments of (5 ºC/hour) in order to enhance UV polymerization (Kukulski, 
personal communication) and samples were incubated for 48 h. 
Immunolabeling 
     Thin sections were blocked on nickel grids with 4 % (v/v) cold water fish gelatin in 
PBS at 250 watts power on a cycle 2 min On, 2 min Off, 2 min On cycle at 37 °C.  The 
grids were reacted with monoclonal mouse anti-GFP antibody (Millipore, Temecula, 
CA) diluted in PBS blocker at 250 watts power with a cycle 2 min On, 2 min Off, 2 min 
On cycle at 37 °C.  Two grids were used for each of the following concentrations (i) 
1:250, (ii) 1:500 and (iii) 1:1000. Grids were washed 2 X 1 min with PBS and 2 X 1 min 
with 0.15M NaCl TBS. Block in 4 % (v/v) cold water fish gelatin in 0.15M NaCl TBS at 
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250 watts power on a cycle 2 min On, 2 min Off, 2 min On cycle at 37 °C.   Grids were 
incubated in a 1:30 dilution of donkey anti-mouse IgG-conjugated to 12 nm colloidal 
gold (Jackson ImmunoResearch, West Grove, PA) at 250 watts power with a cycle 2 
min On, 2 min Off, 2 min On cycle at 37 °C. Grids were washed in 0.15M NaCl TBS 3 
X 1 min followed by 3 X 1 min with deionized water.  They were reacted with 1 % (v/v) 
glutaraldehyde for 5 min on the bench before being washed 3 X 1 min with deionized 
water and dried on a slide warmer. Grids were examined and photographed in a JOEL 
1200EX transmission electron microscope operated at an accelerating voltage of 100 kV. 
Electron micrographs were recorded at calibrated magnifications. 
Post Staining 
     Post staining is an essential step when preparing thin sections for electron microscope 
viewing because it improves contrast (Ellis, 2007).   The samples were stained with 
uranyl acetate (UA) and Reynold’s lead (Pb) citrate  (Reynolds, 1963) according to the 
following  protocol.  The grid containing the sample was placed sample side down onto 
a drop of UA in a porcelain micro-well plate.  Next, the grid was processed in a PELCO 
BioWave Pro Laboratory Tissue Processing System equipped with a ColdSpot 
temperature control system (Sanders, 2002) for 5 s before being washed with water.  A 
drop of lead citrate was added to another well of the micro-well plate.  A few sodium 
hydroxide (NaOH) pellets were placed on the edge of the plate to dissolve the CO2 and 
the plate was covered with the top of a large glass dish. The grid was transferred to the 
lead citrate drop and incubated for 2 minutes at room temperature.  Afterwards, the grid 
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was washed three times in water, dried on a hot plate and stored in a grid box until it was 
viewed in the JOEL 1200EX electron microscope. 
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CHAPTER V 
CONCLUSIONS AND FUTURE DIRECTIONS 
 
Conclusions 
     The research findings presented in this dissertation provide a more thorough 
understanding of chloroplast division.  To investigate the Z-ring within chloroplasts of 
higher plants, we created FtsZ1 and FtsZ2 (-mYFP and -mCFP) fluorescent protein 
constructs, introduced them into A. thaliana wild-type, FtsZ2 KO, FtsZ KD, FtsZ2 
double-KO backgrounds and accessory mutant proteins (arc3, arc6, arc5) via 
Agrobacterium mediated transformation to create an extensive seed stock collection to 
be used for future research.  Afterwards, FtsZ1 and FtsZ2 complementation experiments 
were carried out to determine the functionality of the complemented lines.  The degree 
of complementation was assessed by counting and plotting the number of chloroplasts 
per cell area for both the wild-type and FtsZ1 and FtsZ2 complemented lines and 
comparing their trendlines.  Western blots were also performed on the FtsZ1 and FtsZ2 
complementation lines to determine if the expression levels in the transgenic plants were 
near the endogenous levels observed in wild-type plants. 
     Studies aimed at contributing to the current model of the FtsZ-ring structure and 
function during chloroplast division involved measuring FtsZ1 and FtsZ2 subunit 
dynamics within the Z-ring of the leaf epidermal chloroplasts using FRAP.  After a small 
region of interest in leaf tissue of plants expressing either FtsZ1-mYFP of FtsZ2-mYFP 
was bleached the tissue was monitored for FtsZ subunit turnover within the Z-ring.  A 
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time series of FRAP experiments was employed to measure the fluorescence recovery in 
the bleached areas over time.  The (t1/2) values for FtsZ1-mYFP and FtsZ2-mYFP are 
117 ± 62 s and 325 ± 117s, respectively.  The vastly different turnover rates also suggest 
that FtsZ1 and FtsZ2 are assembled into the heteropolymeric Z-ring independently of 
each other. 
     Prior to the onset of this research, the in vivo FtsZ-ring structure at the EM level in 
FtsZ containing structures (i.e. bacteria, green algae, and higher plants) was unresolved.  
The arrangement of the protofilaments in the Z-ring of Caulobacter crescentus (Li et al., 
2007) was the only EM information available.  To resolve this structure at the EM level, 
wild-type plants expressing the FtsZ2-mYFP construct were preserved in a systematic 
manner using our optimized HFP-FS-embedding protocols before being sectioned and 
analyzed using a correlative microscopy approach that involved light, super-resolution 
and electron microscopy .  Our EM results revealed that the overall diameter of the Z-
ring within in the chloroplasts of A. thaliana is 183 ± 50 nm and it appears that the rings 
are approximately 2-3 protofilaments thick.  The linear filament diameter measurements 
of 11 and 14 nm are in agreement with the measurements of in vitro type-I and type-II 
filaments (Smith et al., 2010).   These findings are a significant contribution to the FtsZ 
community because they reveal in vivo features of the Z-ring for the first time.      
 
Future Directions 
          The plastid division machinery in chloroplast is complex.  Current models indicate 
that FtsZ1 and FtsZ2 assemble mid-chloroplast into a Z-ring (McAndrew et al., 2001; 
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Vitha et al., 2006; Vitha et al., 2001) where they initiate a cascade of localization and 
assembly events between other essential chloroplast division proteins such as ARC3, 
ARC5, ARC6, PARC6, PDV1 and PDV2. ARC3 functions as an accessory protein when 
it interacts with FtsZ1 and is involved in the positioning of the chloroplast division site 
through its interaction with PARC6 probably by destabilizing or disassembling the FtsZ 
filaments (Glynn et al., 2009; Maple et al., 2007). Vitha et al. reported that the ARC6-
FtsZ2 exclusive interactions stabilize the FtsZ1-FtsZ2 assemblies and anchors them to 
the inner envelope membrane (Maple et al., 2005; Vitha et al., 2003).  PDV1 and PDV2 
localization to the cytosolic face of the chloroplast and interaction with PARC6 and 
ARC6, respectively, create a link between the stromal and the cytosolic components of 
the division machinery (Glynn et al., 2008; Glynn et al., 2009).  ARC5, a dynamin 
related protein  is recruited to the division site later in division by PDV1 and PDV2 
(Miyagishima et al., 2006) and is thought to play a major role in the abscission of the 
chloroplasts (Gao et al., 2003).  These interactions may affect Z-ring assembly dynamics 
and rate of Z-ring subunit turnover.  Case and point, a recovery rate of an FtsZ protein in 
the mutant background of a suspected interacting partner that is more rapid than an FtsZ 
protein in the wild-type background would suggest that the recovery rate of the FtsZ 
protein in a native-like environment is somehow slowed by its interaction with that 
protein.  Since the FtsZ1 and FtsZ2 Z-ring dynamic turnover rates were determined 
(Johnson et al., in preparation) during this research, future research should focus on 
determining the FtsZ1 and FtsZ2 turnover in arc3, arc6, parc6, arc5, pdv1, and pdv2 
mutant backgrounds to ascertain whether interaction between the  FtsZ proteins  and 
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other chloroplast division proteins affect the Z-ring subunit turnover rates. Transgenic 
plants expressing fluorescently tagged FtsZ1 or FtsZ2 at wild-type levels will be selected  
by immunoblotting with specific anti-FtsZ antibodies (Vitha et al., 2001) and crossed 
into mutant lines deficient in ARC3, PARC6 or ARC6, or with each other (to obtain 
plants co-expressing FtsZ1 and  FtsZ2 tagged with different-color fluorescent proteins).  
The double transgenic lines will be selected using antibiotic or herbicide resistance 
markers (for FtsZ-mCFP or mYFP transgene) and by PCR screening for T-DNA 
insertion (for ftsz1, ftsz2 KO mutations) and for single nucleotide polymorphism (for 
arc3, parc6, arc6 mutations) (Bui and Liu, 2009).  Similar studies in E. coli showed an 
effect on FtsZ dynamics. These studies should also determine if the mutant backgrounds 
affect the dynamics of both FtsZ1 and FtsZ2 or just one of these proteins.  Future, ARC6 
dynamic studies will serve both as an internal control since it is an inner membrane 
protein (Vitha et al., 2003) and is expected to have a slower turnover rate as well as 
provide information about FtsZ2 since studies have shown that ARC6 and FtsZ2 are 
interacting partners (Maple et al., 2005).  
     Continued FtsZ2 dynamic studies will require the use of plants that are expressing 
FtsZ2 at near wild-type levels as not to inhibit chloroplast division.  Several attempts to 
transform FtsZ2-mYFP into an FtsZ2 double KO plants and FtsZ2-GFP into FtsZ2-1 KD 
plants were successful but complementation tests with these constructs were 
unsuccessful.  Future studies include creating an insertional fluorescent protein fusion 
with FtsZ2 by cloning mYFP between between Q436 and M437. Sequence alignment 
and structural analysis suggested that this position, after the last resolved strand SC6 (in 
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M. jannaschii FtsZ), but before the C-terminal conserved region, corresponds to YFP 
insertion site after P334 in E. coli FtsZ, which proved functional in bacterial cell division 
(Osawa and Erickson, 2005).     
     In Arabidopsis, chloroplast division is perturbed by altering the FtsZ1:FtsZ2 ratios 
(Vitha et al., 2001).  For example, the absence of FtsZ2 results in only short scarce FtsZ1 
filaments and the absence of FtsZ1 results in long disorganized FtsZ2 filaments (Vitha et 
al., 2001).  This is consistent with the model which shows that the interaction between 
FtsZ2 and ARC6 are required for stabilization and anchoring of the Z-ring. On the other 
hand, the absence of FtsZ1 will prevent FtsZ1-ARC3 interactions which destabilize 
assemblies and result in excessive assembly. This suggests that the FtsZ1: FtsZ2 ratio 
may be a means to regulate the properties of the Z-ring and the division process.  
Although it was shown that the total FtsZ1:FtsZ2 ratio in Arabidopsis chloroplasts is 1: 2 
(McAndrew et al., 2008), to date no data exist about the FtsZ1: FtsZ2 ratio within the Z-
ring proper. Therefore in vivo quantification of FtsZ1-mCFP (or FtsZ1-EBFP2) and 
FtsZ2-mYFP (or FtsZ2-mOrange2) being co-expressed or FtsZ2-mCFP (or FtsZ2-
EBFP2) and FtsZ1-mYFP (or FtsZ1-mOrange2) being co-expressed in individual FtsZ 
assemblies should be conducted to ascertain the FtsZ1: FtsZ2 ratio of the Z-ring in 
chloroplasts of various cell types and at different stages of division to determine if the Z-
ring ratios are regulated by cell specific cues.  The relative intensity of each signal in 
FtsZ assemblies as well as in the rest of the plastid should be measured and the 
proportion of the total protein that is in the Z-ring, as well as FtsZ1: FtsZ2 stoichiometry 
in the assemblies should be calculated.  For calibration of instrument response, dilution 
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series of the same purified, recombinant fluorescent proteins should be measured in 
solution using an identical instrument setup. By choosing fluorescent proteins that 
(mCFP, mOrange2) are well spectrally separated, significant errors in intensity 
measurements due to fluorescence resonance energy transfer (FRET) are unlikely. If the 
background fluorescence of chloroplasts pigments is a problem, spectral scanning and 
unmixing capability of the Olympus FV1000 should be utilized to subtract the non-
specific background from the signals of interest. 
    HPF has been shown to be the preferred cryoimmobilization method for the 
preservation of  samples of up to 0.6 mm  (McDonald, 1999) because chemical fixation 
protocols have resulted in unsatisfactory preservation and artifact formation (Porta and 
Lopez-Iglesias, 1998).  HPF produced consistent results when used in combination with 
acetone as the FS media.  The optimization of this protocol with our thick walled plant 
cells will allow future research to be conducted on other transgenic plant lines.  This 
research should begin with ultrastructure analysis of transgenic plant tissue expressing 
FtsZ1 and FtsZ2 at or near endogenous levels as they will provide a baseline for 
comparison of any changes in FtsZ ultrastructure when FtsZ proteins are expressed in 
mutant backgrounds (arc5, arc6,arc3, pdv1and pdv2).  This information could 
contribute to an improved understanding of chloroplast division and the proteins that are 
involved. Additionally analysis of HPF-FS-embedded and sectioned tagged accessory 
proteins has the potential to provide data that could be useful in establishing structure- 
function relationships.  These experiments should not be time-consuming since the seed 
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stocks were prepared during the course of this research and the protocol was optimized 
in the confounds of this project.   
     Correlative microscopy approaches have been useful in obtaining complementary 
information by combining live imaging with high resolution analysis. This process 
entails the identification of cellular features at the LM level followed by fine structure 
analysis of those same features at the EM level. Recently a number of correlative 
methods have been proposed (Kolotuev et al., 2010; Muller-Reichert et al., 2007). Since 
well preserved tissue is a critical requirement for this approach, tissue should be fixed 
via HPF-FS-embedding prior to sectioning.   In the context of this research, correlative 
was defined as imaging tissue sections at the LM and EM that was taken from the same 
region of the resin block.  Future correlative studies should involve placing cut semithin 
sections of tissue on a finder grid and viewing them using LM and EM tomography.  
This will ensure high precision in the identification of features. Immunolabelling of 
these sections using anti-FtsZ antibody concentrations that were optimized during this 
research will assist with the correlation procedures.  
     Segmentation results of the electron tomography acquired Z-ring stacks will allow a 
3D reconstruction of the assembly and provide a vivid picture of the bundling patterns of 
the protofilaments within the ring.  This information could provide details about 
subcellular events such as the in vivo filament assembly mechanism.   
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APPENDIX A 
 
 
Table A-I.  Primers used to design the constructs. 
_______________________________________________________________________ 
Primer    Sequence     Protein 
_______________________________________________________________________ 
 
CJ-1  TAGAATTCGCATGCGCAAAGTCAGT (forward)   FtsZ1-genomic 
CJ-2  TATGGATCCTGGAAGAAAAGTCTACGGGGA (reverse)  FtsZ1-genomic 
CJ-3  GCATGAATTCTCAGCACCGTAAATGTAGC (forward)  FtsZ2-cDNA 
CJ-4  ATAGGATCCTGGACTCGGGGATAACGAG (reverse)  FtsZ2-cDNA 
CJ-5  GATGACTAGTAAGGGCGAGGAGCTGTTC (forward)  mCFP, mYFP 
CJ-6   AAATGTTTACTTGTACAGCTCGTCCATGC (reverse)  mCFP, mYFP 
_____________________________________________________________________________________
Restriction sites used for cloning are underlined. 
 
 
Table A-II.  Arabidopsis thaliana plant lines used in the research. 
_______________________________________________________________________ 
Wild-type-ecotypes                Abbreviation 
_______________________________________________________________________ 
Columbia      Col-0 
 
Wassilewskija      WS-0 
_____________________________________________________________________________________ 
Mutants lines  Locus   Description 
_____________________________________________________________________________________ 
 
SALK_134970  At2G36250  FtsZ2-1 T-DNA insertion (knock-down) 
 
SALK_073878  At5G55280  FtsZ1-1 T-DNA insertion (null mutant) 
 
SALK_100009  At3G19180  parc6-1 T-DNA insertion (null mutant) 
 
arc6   At5G42480  accumulation and replication of chloroplast 6 (null 
mutant) 
 
596H04    At2G36250  FtsZ2-1 GABI-Kat T-DNA insertion (null mutant) 
 
ftsZ2-1/ftsZ2-2  At2G36250/  FtsZ2 double knockout (KO) (double mutant) 
   At5G55280   
 
ftsZ1-1/ftsZ2-1/ftsZ2-2 At5G55280.1/      FtsZ1-1 FtsZ2-1 and FtsZ2-2 (triple mutant) 
   At2G36250.1/ 
   At3G52750.1 
______________________________________________________________________ 
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Aaron G. Smith, Carol B. Johnson, Stanislav Vitha, and Andreas Holzenburg (2011).  
“Oligomerization of plant FtsZ1 and FtsZ2 plastid division proteins. Archives of 
Biochemistry and Biophysics. 513, 94-101. 
 
Note:  Reprinted with permission from Elsevier. 
 
Carol Beatrice Johnson contributed the following: assisted with protein purification, the 
immunoblots and contributed editorial assistance to the final manuscript. 
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APPENDIX C 
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Plant FtsZ1 and FtsZ2 expressed in a eukaryotic host:  GTPase activity and self- 
assembly. FEBS Letter. 584, 166-172. 
 
Reprinted with permission from Elsevier. 
 
Carol Beatrice contributed the following:  transformation of P. pastoris strains X33, 
GS115 and KM71H, growth of Pichia X33 strains, preparation of cell lysates, JEOL 
1200 transmission electron microscope observations, and contributed editorial assistance 
throughout manuscript preparation.                                 
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Reprinted with permission from Elsevier. 
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purification, glow discharging, blot quantification, and contributed editorial assistance 
though the final manuscript. 
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APPENDIX F 
 
___________________________________________________________________________________________ 
Transformation    Line     Date  
___________________________________________________________________________________________ 
80 pSV339(FtsZ1-1-GFP)   SALK 073878 (FtsZ1-1) knockout   10-17-2008*# 
81 pSV371(FtsZ2-1-GFP) cloneA  SALK 134970 (FtsZ2-1) knockdown  10-17-2008*# 
82 pSV371(FtsZ2-1-GFP) cloneB  SALK 134970 (FtsZ2-1) knockdown  10-17-2008*# 
83 pSV339(FtsZ1-1-GFP)   SALK 073878 (FtsZ1-1) knockout  10-22-2008*# 
84 pSV371(FtsZ2-1-GFP) cloneB  SALK 134970 (FtsZ2-1) knockdown  10-22-2008*# 
85 pSV371(FtsZ2-1-GFP) cloneA  SALK 134970 (FtsZ2-1) knockdown  10-22-2008*# 
86 pSV339(FtsZ1-1-GFP) new Agro clone arc3 mutant (Ler background)  06-26-2009*   
87 pSV371(FtsZ2-1-GFP) new Agro clone arc3 mutant (Ler background)  06-26-2009*   
88 pSV339(FtsZ1-1-GFP)   arc6 mutant (Ws background)  06-26-2009*   
89 pSV371(FtsZ2-1-GFP)    arc6 mutant (Ws background)  06-26-2009*   
90 pSV339(FtsZ1-1-GFP)    SALK 073878 (FtsZ1-1) knockout  06-26-2009*   
91 pSV371(FtsZ2-1-GFP)    SALK 073878 (FtsZ1-1) knockout  06-26-2009*   
92 pSV339(FtsZ1-1-GFP)   SALK 134970 (FtsZ2-1) knockdown  06-26-2009*   
93 pSV371(FtsZ2-1-GFP)    SALK 134970 (FtsZ2-1) knockdown  06-26-2009*   
94 pSV339(FtsZ1-1-GFP)   SALK 073878 (FtsZ1-1) knockout  07-20-2009# 
95 pSV371(FtsZ2-1-GFP)    SALK 073878 (FtsZ1-1) knockout  07-20-2009# 
96 pSV339(FtsZ1-1-GFP)   parc6  mutant    07-20-2009# 
97 pSV339(FtsZ1-1-GFP)   At wt (Ler)    07-20-2009# 
98 pSV339(FtsZ1-1-GFP)   arc3 mutant (Ler background)  07-20-2009# 
99 pSV339(FtsZ1-1-GFP)   At wt (Ws)    07-20-2009# 
101pSV371(FtsZ2-1-GFP)   arc6 mutant (Ws background)  08-27-2009# 
100 pSV371(FtsZ2-1-GFP)    parc6  mutant    07-22-2009# 
102 pSV371(FtsZ2-1-GFP)   At wt (Ler)    07-22-2009# 
103 pSV371(FtsZ2-1-GFP)   At wt (Ws)    07-22-2009# 
104 pSV339 (FtsZ1-1-GFP)   arc 6 mutant    10-18-2009#@ 
105 pSV371(FtsZ2-1-GFP)   SALK 134970    10-18-2009@# 
106 pSV371 (FtsZ2-1-GFP)   arc 3 mutant    10-18-2009#@ 
107 pCJ7 (FtsZ1-1mCFP)   SALK 073878    01-29-2010# 
108 pCJ9 (FtsZ1-1-mYFP)   SALK 073878    01-29-2010# 
109 pCJ8 (FtsZ2-1-mCFP)   SALK 134970    01-29-2010# 
110 pCJ10 (FtsZ2-1-mYFP)   SALK 134970     01-29-2010# 
111 pCJ7 + pCJ 14 (FtsZ1-1mCFP-bar+ SALK 134970    01-29-2010# 
       FtsZ2-1-mYFP-hyg) 
112 pCJ9 + pCJ16 (FtsZ1-1-mYFP-bar + SALK 073878    01-29-2010# 
       FtsZ2-1-mCFP-hyg) 
113 pCJ9 + pCJ16 (FtsZ1-1-mYFP-bar + SALK 134970    01-29-2010# 
       FtsZ2-1-mCFP-hyg) 
114 pCJ7 + pCJ 14 (FtsZ1-1mCFP-bar+ SALK 134970    01-29-2010# 
       FtsZ2-1-mYFP-hyg) 
115 pCJ7     At wt (Col)    03-25-2010# 
116 pCJ8     At wt (Col)    03-25-2010# 
117 pCJ9     At wt (Col)    03-25-2010# 
118 pCJ10    At wt (Col)    03-25-2010# 
119 pCJ7 +  pCJ14    At wt (Col)    03-25-2010# 
120 pCJ9 + pCJ16    At wt (Col)    03-25-2010# 
121 pCJ10(FtsZ2-1-mYFP)   FtsZ2 double knockout   10-19-2010# 
122 pCJ10(FtsZ2-1-mYFP)   FtsZ triple knockout   10-19-2010# 
123 pCJ 8 (FtsZ2-1-mCFP)   FtsZ2 double knockout   10-20-2010!# 
_______________________________________________________________________ 
Transformed by:    *=Stan  != Ryan           #=Carol  @=Shanshan 
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APPENDIX G 
 
 Transgenic Seed Phenotypes  
Transformant Phenotype Fluorescence 
90-12 Severe high 
90-8, 90-9, 90-12 Intermediate  low 
90-1, 90-5 Severe low 
90-3, 90-6, 90-11 Severe high 
91A1, 91A4 severe High 
91A3 Severe Low 
91A9 Severe/intermediate ? 
91A2, 91A5 Intermediate None 
91A14, 91A15 Intermediate  low 
94E4, 94B8, 94E5, 94A1, 
94E3 
Severe Med 
94A6, 94A17 Severe low 
94B1 Intermediate/wild-type None 
94B4, 94D1 Severe low 
94E2, 94B5, 94E1, 94D2, 
94D3 
Severe high 
94B2, 94B14 Intermediate low 
94B1, 94C1, 94D4 Wild-type/intermediate none 
94A2, 94B16, 94A3, 94A4 Intermediate none 
94B6, 94A5, 94D5 Severe none 
95A2, 95C2, 95A7 Severe med 
95D1, 95A5, 95F3, 
95F5,95B1 
Severe high 
95A9 Intermediate High 
95B2 Intermediate/wild-type low 
95B4 Intermediate/wild-type med 
95B10 Intermediate/wild-type high 
95D2 Severe none 
95D3, 95E1, 95C1, 95F2 Severe low 
95E2 Intermediate med 
95A3, 95A1, 95A8, 95A12 Intermediate   low 
95A6, 95D2 Intermediate none 
96A1, 96D2 severe low 
96B1 severe med 
96C3 severe high 
96C1 Wildtype Low 
96B2, 96C2, 96E1, 96E2 Severe None 
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97A5, 97A1, 97A3, 97A2 Severe none 
97A4 Severe low 
98A1, 98A2, 98I1, 98I2, 
98J2, 98L3 
Severe None 
98I4, 98L2, 98J1 Severe Low 
98I3, 98K3 Severe Med 
98B1, 98I5, 98C1, 98G1 Severe High 
98E1 Severe/intermediate None 
99J5, 99B1, 99C1, 99D1, 
99F2 
Wild-type none 
99L2, 99E2, 99K1, 99N2 Severe none 
99M4, 99F3, 99B2, 99A1, 
99L1, 99J2 
Severe High 
99G4, 99J4, 99L4 Wild-type Low 
99M6 Severe Low 
99M2 Wild-type  med 
99M1 Intermediate Low 
99M3, 99F1 Intermediate none 
100T1, 100T2, 100T3, 
100A2, 100S1, 100F1 
Severe none 
100R5, 100C2, 100P1, 
100E1, 100C2 
Severe Med 
100V2, 100R1, 100”O”1, 
100I4, 100D3 
Severe High 
100U1, 100R2, 100R3, 
100R4, 100P2 
Severe Low 
100R7, 100R6, 100Q1, 
100Q2, 100I2 
Severe None 
100V1 Intermediate  none 
102H4,102G1, 102G2, 
104H7 
Severe None 
102A1, 102A4, 102A2, 
102H6 
Severe Med 
102E2, 102C1, 102A5, 
102B2 
Severe high 
102E3 Severe low 
103A3 Wild-type None 
103A1, 103B1, 103E6, 
103B6, 103C2 
Severe High 
103E3, 103X1, 103S5, 
103I1,103N7, 103N3 
Severe Med 
103F1, 104N4, 103G2, 
103X4 
Severe Low 
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103A2, 103B4, 103W2, 
103Q3, 103H3 
Severe None 
103B2, 103G1, 
103D1,103K3, 103K5, 
103K7 
Intermediate None 
103W1, 103B3, 103X2, 
103H2, 103X3 
Intermediate low 
103G3, 103P1, 103B5, 
103V7 
Intermediate Med 
103E5, 103E2 Intermediate high 
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